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Motivation

The many problems of the MSSM

How to make the MSSM phenomenologically acceptable?

Proton decay? −→ R-parity

Wdangerous = λLLē + λ′QLd̄ + λ′′ūd̄d̄ + µ̄LHu

FCNCs? −→ flavor universality

LHC results? −→ heavy squarks. . . ?

Heavy stop leads to fine tuning of Higgs mass

JR: The MSSM is on the edge of being fine-tuned
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Motivation

A different approach

Minimal flavor violation (MFV) can solve all these problems

FCNCs X

Proton decay? X (Even without R-parity)*

LHC results? Violate R-parity!

LSP decays promptly

No missing energy / displaced vertices

Squarks can be light

Replace several assumptions with a single one: “MFV SUSY”

*Nikolodakis & Smith, ’07
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The MFV SUSY Framework

Minimal Flavor Violation

Impose a spurious SU(3)5 symmetry.

SU(3)Q SU(3)u SU(3)d SU(3)L SU(3)e

Q 1 1 1 1
ū 1 1 1 1
d̄ 1 1 1 1
L 1 1 1 1
ē 1 1 1 1

Hu 1 1 1 1 1
Hd 1 1 1 1 1

Yu 1 1 1
Yd 1 1 1
Ye 1 1 1

WMSSM = µHuHd + YuQūHu + YdQd̄Hd + YeLēHd
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The MFV SUSY Framework

Minimal Flavor Violation, cont.

Assume Yukawas are the only spurions breaking SU(3)5.

Agnostic about high-scale physics

RGE stable

FCNCs suppressed by the GIM mechanism, as in SM

Don’t impose U(1)5 flavor symmetry

Not needed to suppress FCNCs

Contains R-parity
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The MFV SUSY Framework

MFV SUSY Superpotential

Spurions are holomorphic: Y† cannot appear in W

Superpotential built from holomorphic flavor singlets:

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)(Yd d̄) 8⊕ 1 1 −1 −1 0 −
(Yuū)(Yd d̄)(Yd d̄) 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 +

QYd d̄ 8⊕ 1 1/2 0 0 +

LYeē 1 1/2 0 0 +

Hu 1 1/2 0 0 +

Hd 1 −1/2 0 0 +

No lepton number violation!
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The MFV SUSY Framework

Proton Stability

Proton decay requires LNV (if no light unflavored fermions)

Lepton number preserved by W

Z(L)
3 = U(1)L ∩ [SU(3)L × SU(3)e] an exact symmetry

|∆L| = 3 operators first at dim. eight in Kähler potential

Cutoff suppression more than sufficient

Proton very long lived

Story will change for mν 6= 0
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The MFV SUSY Framework

Baryon number violation

A single RPV coupling allowed:

WBNV =
1
2

w′′εijk ε
abc(Yuū)i

a(Ydd̄)j
b(Ydd̄)k

c

where w′′ an O(1) parameter.

λ′′ijk = w′′εlmn [Yu]
l
i [Yd]mj [Yd]nk = w′′y(u)

i y(d)
j y(d)

k εjklV?
il

Yu =
1
vu

V†CKM diag(mu,mc,mt) , Yd =
1
vd

diag(md,ms,mb) , Ye =
1
vd

diag(me,mµ,mτ )
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The MFV SUSY Framework

The λ′′ijk coupling

λ′′usb ∼ t2
β

mbmsmu

m3
t

, λ′′ubd ∼ λt2
β

mbmdmu

m3
t

, λ′′uds ∼ λ3t2
β

mdmsmu

2 m3
t

,

λ′′csb ∼ λt2
β

mbmcms

m3
t

, λ′′cbd ∼ t2
β

mbmcmd

m3
t

, λ′′cds ∼ λ2t2
β

mcmdms

m3
t

,

λ′′tsb ∼ λ3t2
β

mbms

m2
t

, λ′′tbd ∼ λ2t2
β

mbmd

m2
t

, λ′′tds ∼ t2
β

mdms

m2
t

.

where mt ∼ v ∼
√

v2
u + v2

d, 〈Hu,d〉 = vu,d, w′′ ∼ 1

|VCKM| ∼




1 λ λ3/2

λ 1 λ2

λ3 λ2 1


 , λ ∼ 1

5
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The MFV SUSY Framework

Numerical estimate

λ′′ijk ∼
s b b d d s

u 5× 10−7 6× 10−9 3× 10−12

c 4× 10−5 1.2× 10−5 1.2× 10−8

t 2× 10−4 6× 10−5 4× 10−5

for tan β = 45, using

mu ∼ 3 MeV , mc ∼ 1.3 GeV , mt ∼ 173 GeV ∼ v ,

md ∼ 6 MeV , ms ∼ 100 MeV , mb ∼ 4 GeV .
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The MFV SUSY Framework

Flavor changing

BNV constrained by |∆B| = 2 processes

λ′′tsb the biggest, O(10−4), all 2nd/3rd gen. (s)quarks

Not the whole story: flavor-changing suppressed

Soft masses:

Lsoft ⊃ m2
soft Q̃?

[
1 + α(YuY†u)T + β(YdY†d)T + . . .

]
Q̃ + . . .

Mass mixing:

V(neutral)
ij ≡ δm2

ij

m2
soft
∼
∑

k

V†ik
[
y(u)

k

]2
Vkj (down-type)
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The MFV SUSY Framework

Flavor changing, cont.

Estimate:

V(neutral)
ds ∼ λ5 , V(neutral)

db ∼ λ3 , V(neutral)
sb ∼ λ2 ,

V(neutral)
uc ∼ y2

b λ
5/2 , V(neutral)

ut ∼ y2
b λ

3/2 , V(neutral)
ct ∼ y2

b λ
2 .

Also suppressed:

Charged flavor changing −→ CKM suppression

Left-right mixing −→ Yukawa suppression
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Low-energy Constraints

Constraints on baryon number violation

Baryon number violation suppressed by

O(10−4) vertex factor

Yukawa and CKM suppression for flavor changing

Proton stable because LNV very small

Limits on |∆B| = 2 processes:

τn−n̄ ≥ 2.44× 108 s

τpp→K+K+ ≥ 1.7× 1032 yrs



 Super-K data
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Low-energy Constraints

n− n̄ oscillations

g̃, Ñ

d̃

d̃

b̃

b̃

d

d

u

ū

d̄

d̄




n̄n





Figure 1: The leading contribution to n − n̄ oscillation.

Since the squarks in Fig. 1 are initially right-handed, the required flavor changing is
suppressed by an additional Yukawa coupling. Depending on the initial flavor of the squark,
we obtain

b̃R → d̃L ∼ ybλ
3 , s̃R → d̃L ∼ ysλ

5 . (4.6)

As the vertex factor is also larger for a b̃ squark, b̃R → d̃L is clearly dominant.
Gathering all factors, we obtain the amplitude

Mn−n̄ ∼ Λ̃ t6β λ
8 m2

um
2
dm

4
b

m8
t

�
Λ̃

mq̃

�4 �
g2

s

�
Λ̃

mg̃

�
+ . . .

�
, (4.7)

where we write the hadronic matrix element as Λ̃6, with Λ̃ ∼ ΛQCD in rough agreement
with the estimates of [6, 21]. The omitted terms come from neutralino, rather than gluino,
exchange and can be important if the gluino is very heavy.

The n − n̄ oscillation time is approximately tosc ∼ M−1. Therefore, assuming that the
tree-level amplitude (4.7) gives the dominant contribution, we find

tosc ∼ (9 × 109 s)

�
250 MeV

Λ̃

�6 � mq̃

100 GeV

�4 � mg̃

100 GeV

�� 45

tan β

�6

, (4.8)

where we take αs ≡ g2
s/4π ∼ 0.12. This must be compared to the experimental bound (4.1),

τ ≥ 2.44 × 108 s. Thus, unless we have substantially underestimated the hadronic matrix
element, n − n̄ oscillations place no constraint on our model.

4.2 Dinucleon decay

The simplest diagrams for dinucleon decay take the same form as the tree-level n−n̄ diagram
(see Fig. 1), with the addition of two spectator quarks, as shown in Fig. 2. There are two pos-
sibilities, depending on whether the exchanged sparticle is a chargino or a gluino/neutralino.
In the former case, the squarks undergo charged flavor changing while converting to quarks,
much like quarks exchanging a W boson; charge conservation then requires that one squark

10

Mn−n̄ ∼ Λ̃ t6
β λ

8 m2
um2

dm4
b

m8
t

(
Λ̃

mq̃

)4 [
g2

s

(
Λ̃

mg̃

)
+ . . .

]

tosc ∼M−1 ∼ (9× 109 s)
(

250 MeV
Λ̃

)6 ( mq̃,g̃

100 GeV

)5
(

45
tanβ

)6

No constraint!
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Low-energy Constraints

Dinucleon decay

t̃

g̃, Ñ

ũ

ũ

t̃

u
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Figure 2: Dinucleon decay via neutral gaugino exchange (left) and chargino exchange (right).

is up-type and the other down-type. In the latter case, the squark/quark/neutralino vertex
is flavor diagonal, but neutral flavor changing via squark mass mixing is still possible.

For simplicity, we only consider diagrams of this type.4 The external quarks must be
light quarks, no more than two of which may be strange quarks. Since the quark legs do not
change flavor, only ubs, ubd, uds, cds, and tds vertices may be used. By enumerating all
possibilities, one can check that the dominant diagram involving chargino exchange combines
a tds vertex with a ubs vertex, whereas the dominant diagram involving gluino/neutralino
exchange combines two tds vertices with t̃ → ũ flavor-changing mass mixing along the squark
lines. The two diagrams are shown in Fig. 2, with flavor suppressions yuydy

2
sy

2
bλ

6/2 for the
chargino exchange diagram, and y2

dy
2
sy

4
bλ

6/4 for the gluino/neutralino exchange diagram.
Ignoring order-one factors (including gauge couplings), the gluino/neutralino diagram is
dominant if

yd y2
b

2 yu

� md

2 mu

�
mb

mt

�2

tan3 β >∼ 1 . (4.9)

Thus, for tan β >∼ 12 the gluino/neutralino diagram dominates; we focus on this possibility
for the time being.

Following Goity and Sher [21], we obtain the dinucleon NN → KK width:

Γ ∼ ρN
128πα2

sΛ̃
10

m2
Nm2

g̃m
8
q̃

�
λ3mdmsm

2
b

2m4
t

tan4 β

�4

, (4.10)

where mN � mp is the nucleon mass, ρN ∼ 0.25 fm−3 is the nucleon density, and Λ̃ is the
“hadronic scale,” arising from the hadronic matrix element and phase-space integrals. Thus,

τNN→KK ∼
�
1.9 × 1032 yrs

��150 MeV

Λ̃

�10 � mq̃,g̃

100 GeV

�10
�

17

tan β

�16

, (4.11)

4For a more systematic treatment, see Appendices B and C.

11

Γ ∼ ρN
128πα2

s Λ̃
10

m2
Nm2

g̃m8
q̃

(
λ3mdmsm2

b

2m4
t

tan4 β

)4

cf. Goity and Sher

Best guess: Λ̃ ∼ 150 GeV
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Low-energy Constraints

A nontrivial constraint

Using ρN ∼ 0.25 fm−3 and αs ∼ 0.12, get

τNN→KK ∼
(
1.9× 1032 yrs

)(150 MeV
Λ̃

)10 ( mq̃,g̃

100 GeV

)10
(

17
tanβ

)16

L
�

= 100 MeV

L
�

= 150 MeV

L
�

= 200 MeV

10 20 30 40
100

200

300

400

500

600

700

800

tan Β

m
q� ,g�

@G
eV

D
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Low-energy Constraints

The story so far. . .

Moderate constraint from dinucleon decay

n− n̄ oscillations slow enough

Proton effectively stable

What about neutrino masses?

Dirac masses don’t change anything:

Wlept = YeLēHd + YNLN̄Hu

YN leaves ZL
3 unbroken
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Low-energy Constraints

The seesaw mechanism

Wlept = YeLēHd + YNLN̄Hu + 1
2MNN̄N̄

Spurious flavor symmetry now SU(3)L × SU(3)e × SU(3)N

SU(3)L SU(3)e SU(3)N

L 1 1

ē 1 1

N̄ 1 1

Ye 1

YN 1

MN 1 1

Now MN breaks ZL
3, |∆L| = 1 possible

Use dimensionless spurion 1
ΛR

MN, ΛR >∼ MN heavy scale
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Low-energy Constraints

Lepton number violation

Renormalizable LNV terms:

WLNV = 1
2ΛR

w′ (LL)
(
ỸNMNỸN

)
(Yeē) (ỸN = cof YN = (det YN) Y−1

N )

Kähler correction: KLNV = VL†Hd + c.c.

Va =
1

ΛR
εabc

[
Ỹ†N
]b

i
[M†N ]ij [YN ]cj +

1
ΛR
εabc

[
YeY†e

]b

d

[
YNM†NYN

]cd

LLNV
soft = m2

softVL̃?H̃d + c.c.+ A term

After EWSB

Sneutrino VEV:
〈
L̃a
〉
∼ −vdVa

Gaugino/lepton mixing: Lmix ∼ −vdλ(V†L)
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Low-energy Constraints

Lepton number violation, cont.

Casas & Ibarra: YT
N = 1

vu
diag

(√
MRi
)

R diag
(√

mνi
)

U†PMNS

UPMNS non-hierarchical

R and MRi not constrained by expt

Neutrino mass scale unknown

For simplicity, take MRi ∼ MR, R ∼ O(1), mνi ∼ mν ∼ 0.1 eV

→ YN ∼
√

mνMR
vu

V(1)
i ∼ M

5
2

R m
3
2
ν

ΛR v3
u
, V(2)

e, µ ∼ M2
R mν

ΛR v2
u

y2
τ , V(2)

τ ∼ M2
R mν

ΛR v2
u

y2
µ

(V = V(1) + V(2))

λijk ∼ y(e)
k YN V(1) −→ subdominant
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Low-energy Constraints

Proton decay

p→ K+ν̄ p→ K+G̃ (mG̃
<∼ 450 MeV)

t̃R

t̃L

C̃dL

dR

u

e−L , µ−
L

s̄R

u

t̃R

ũL

t̃L

uL

dR

u

ν̄

s̄R

u

Ñ





K+





K+

n





p





Figure 4: The leading charged (left) and neutral (right) flavor-changing diagrams for n →
�−K+ and p → K+ν̄ nucleon decay, respectively. Arrows indicate chirality. The charged
flavor-changing diagram has less flavor suppression, but suffers from a chiral suppression due
to the right → right chargino propagator.

Comparing with the experimental bound (6.2), we obtain

V tan3 β <∼ (3 × 10−14)
� mq̃

100 GeV

�2 � mÑ

100 GeV

�
. (6.10)

For sufficiently large tanβ, we have V (2) � V (1) and V (2) gives the dominant contribution to
V . Using mν = 0.1 eV, we then obtain the upper bound on MR

MR <∼ (108 GeV)

�
10

tan β

�5/2 � mq̃,Ñ

100 GeV

�3/2
�

ΛR

1016 GeV

�1/2

. (6.11)

One can check that V (1) gives a weaker bound than this as long as

tan β >∼ 4
� mq̃,χ

100 GeV

�3/13
�

ΛR

1016 GeV

�1/13

. (6.12)

Thus, for ΛR = 1016 GeV and mq̃,Ñ
<∼ 1 TeV, V (2) is dominant for tanβ >∼ 7, whereas for

tan β <∼ 7, V (1) is dominant for sufficiently large superpartner masses. The bound on MR,
including both contributions, is illustrated in Fig. 5.

The bound on MR depends strongly on ΛR. For instance, if ΛR ∼ 10 TeV, the bound (6.11)
is reduced by six orders of magnitude. If the right-handed neutrinos are sufficiently light,
they could be produced at colliders, though the Yukawa couplings are necessarily very small,
so that such a scenario is unlikely to be excluded in the near future.

If the gravitino is sufficiently light, proton decay can proceed via the baryon-number
violating vertex (2.4) alone, without lepton number violation [32]. In particular, the gravitino

18

t̃

ũ

u

d

u

G̃

s̄

u
K+

p





Figure 6: The leading contribution to p → K+G̃ decay.

7 LSP decay and LHC phenomenology

The phenomenology of MFV SUSY models will be very different from the R-parity conserving
MSSM, and is distinctive among R-parity violating theories. In this section, we attempt
to explore the general phenomenological features of these models. The results depend on
the spectrum, and we will not attempt to exhaustively enumerate all possibilities, instead
focusing on the general features for various LSPs.

We will not assume that the LSP is electrically and color neutral; since it decays there
is no particular motivation for that requirement. Thus the LSP could be either a squark,
a slepton, a neutralino, a chargino, or the gluino. However, MFV places restrictions on the
squark and slepton masses. In particular, the mass matrix for up-type squarks must be of
the form

M2
Ũ

= m2
soft

�
1 + αYuY

†
u + βYdY

†
d δ Yu

δ� Y †
u 1 + γY †

u Yu

�
+ . . . , (7.1)

where the omitted terms are higher-order in the Yukawa couplings, δ is some combination
of holomorphic parameters specifying the left-right mixing (coming from the Yukawa and
A-terms), α and β are non-holomorphic parameters coming from the left-handed squark
masses, and γ is another non-holomorphic parameter coming from the right-handed squark
masses.

Naturalness, in this context, indicates that α, β, γ, and δ should be order-one numbers.
Thus, the leading deviations from universality will involve only the O(1) top Yukawa cou-
pling, and, in particular, it is very easy to make one of the stops very light. Since other
non-universal terms are suppressed by Yukawa couplings and/or CKM factors, the remain-
ing squarks are expected to be nearly degenerate. A similar argument applies to down-type
squarks, where the left-handed bottom squark can be made light. In the charged slepton
sector, the leading non-universal term comes from the yτ suppressed left/right mixing, im-
plying a nearly degenerate spectrum, except at very large tan β. The sneutrinos will be even
more degenerate, since this left/right term is absent, and the leading non-universality comes
from y2

τ suppressed soft-mass corrections.
Thus, it is very natural for the stop or the (left-handed) sbottom to be the LSP. A

20

τp→K+ν
>∼ 2.3× 1033 yrs (Super K)

Matrix element Λ̃2 ∼ (250 MeV)2 (Lattice QCD)
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Low-energy Constraints

Constraints from proton decay

Bound on LNV: V tan3 β <∼ (3× 10−14)
( mq̃

100 GeV

)2 ( mÑ
100 GeV

)

Upper bound on MR in 106 GeV: Lower bound on m3/2 in KeV:

10

30
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30010003000

10 000

10 20 30 40

200

400

600

800

1000

tan Β

m
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D
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(For ΛR = 1016 GeV)
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LHC Phenomenology

The LSP

LHC pheno will depend on LSP

LSP not stable: can be charged, colored!

Up-type squarks: M2
Ũ

= m2
soft

(
1 + αYuY†u + βYdY†d δ Yu

δ? Y†u 1 + γY†u Yu

)
+ . . .

Down-type: M2
D̃

= m2
soft

(
1 + α′YuY†u + β′YdY†d δ′ Yd

δ′? Y†d 1 + γ′Y†d Yd

)
+ . . .

One stop naturally light; b̃L also possible LSP

stau LSP −→ nearly degenerate spectrum

Neutralino, chargino, gluino also possible LSPs
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LHC Phenomenology

Stop LSP

t̃

b̄

s̄

b̃R

b̃L

t̄

s̄

Figure 7: The leading diagrams for stop (left) and left-handed sbottom (right) LSP decay.

stau (or tau sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and
is somewhat less natural in this context. Other squarks or sleptons are not expected to be
the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting
scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in
detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths
Γ(t̃ → d̄id̄j) are given by

Γij ∼
mt̃

8π
sin2 θt̃|λ��

3ij|2 , (7.2)

where θt̃ is the stop mixing angle. To estimate the lifetime numerically, we use the renor-
malized quark masses at a scale mt ∼ v ∼ 174 GeV, which are approximately [34,35]:

mu ∼ 1.2 MeV , mc ∼ 600 MeV , mt ∼ v ∼ 174 GeV ,

md ∼ 3 MeV , ms ∼ 50 MeV , mb ∼ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime

τt̃ ∼ (2 µm)

�
10

tan β

�4�
300 GeV

mt̃

��
1

2 sin2 θt̃

�
. (7.4)

Thus no displaced vertices are expected except for very small values of tanβ and a very light
LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,
nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange
quarks, about 8% to bottom plus down, and a few percent to down plus strange. These
branching ratios are fixed by the flavor structure. Thus, most of the events will contain
b-quarks, and a generic signal for supersymmetry will be an overall increase in the number
of events with b-jets, but with possible resonances in the jet spectrum at the squark masses.
Since production of the superpartners would still be mainly through the R-parity conserving
couplings, most SUSY events would actually end up with at least four jets, two of which
are b-jets. Other superpartners will first decay to the stop. For example the neutralino is
expected to decay to a stop plus charm as in Fig. 9. The neutralino lifetime for the case of
a stop LSP is given by

ΓÑ ∼ mÑ

8π
g2λ4m4

b

m4
t

tan4 β , τÑ ∼ (10−19 s)

�
10

tan β

�4�
300 GeV

mÑ

�
. (7.5)

21

cτ̃t ∼ (2 µm)
(

10
tan β

)4 (
300 GeV

m̃t

)(
1

2 sin2 θ̃t

)

90% b + s, 8% b + d, 2% d + s

50 Μm

100 Μm

500 Μm

1 2 3 4 5 6 7 8
100

200

300

400

500

600

700

800

tan Β

m
t�

@G
eV

D
Generically prompt (no /ET , no displaced vertices)

No tops / leptons in final state. . . more b-jets, resonance?
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LHC Phenomenology

Other LSPs

t̃

b̄

s̄

b̃R

b̃L

t̄

s̄

Figure 7: The leading diagrams for stop (left) and left-handed sbottom (right) LSP decay.

stau (or tau sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and
is somewhat less natural in this context. Other squarks or sleptons are not expected to be
the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting
scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in
detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths
Γ(t̃ → d̄id̄j) are given by

Γij ∼
mt̃

8π
sin2 θt̃|λ��

3ij|2 , (7.2)

where θt̃ is the stop mixing angle. To estimate the lifetime numerically, we use the renor-
malized quark masses at a scale mt ∼ v ∼ 174 GeV, which are approximately [34,35]:

mu ∼ 1.2 MeV , mc ∼ 600 MeV , mt ∼ v ∼ 174 GeV ,

md ∼ 3 MeV , ms ∼ 50 MeV , mb ∼ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime

τt̃ ∼ (2 µm)

�
10

tan β

�4�
300 GeV

mt̃

��
1

2 sin2 θt̃

�
. (7.4)

Thus no displaced vertices are expected except for very small values of tanβ and a very light
LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,
nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange
quarks, about 8% to bottom plus down, and a few percent to down plus strange. These
branching ratios are fixed by the flavor structure. Thus, most of the events will contain
b-quarks, and a generic signal for supersymmetry will be an overall increase in the number
of events with b-jets, but with possible resonances in the jet spectrum at the squark masses.
Since production of the superpartners would still be mainly through the R-parity conserving
couplings, most SUSY events would actually end up with at least four jets, two of which
are b-jets. Other superpartners will first decay to the stop. For example the neutralino is
expected to decay to a stop plus charm as in Fig. 9. The neutralino lifetime for the case of
a stop LSP is given by

ΓÑ ∼ mÑ

8π
g2λ4m4

b

m4
t

tan4 β , τÑ ∼ (10−19 s)

�
10

tan β

�4�
300 GeV

mÑ

�
. (7.5)
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Figure 10: Neutralino/gluino (left) and chargino (right) LSP decays.

and a small fraction to other final states. Thus, an increase in top quark production is ex-
pected, with most SUSY events containing at least two top-jets. However, fewer b-jets will
be produced, except those arising from top decays.5

Otherwise, the LSP can be a chargino, a neutralino, or a slepton. Each of these will
give a distinct phenomenology. Assuming that the LSP is a neutralino, its decay will be
dominated by the diagram in Fig. 10. The width is approximately

ΓÑ ∼ mÑ

128 π3
|λ��

tsb|2 , (7.8)

where we estimate a phase-space suppression of 1/16π2 for each additional final state particle.
The lifetime is then

τÑ ∼ (12 µm)

�
20

tan β

�4�
300 GeV

mÑ

�
. (7.9)

As shown in Fig. 11, this scenario is much more likely to produce displaced vertices, although
they can still be avoided in a sizable region of parameter space. Thus, for the case of a
neutralino LSP the expected signal of SUSY would be an increase in the top production
cross section (since the LSP decay involves top quarks), including potentially same-sign
tops, and possibly also displaced vertices for the lights jets. A gluino LSP would decay in
a very similar fashion to a neutralino LSP, whereas a chargino LSP would have a similar
lifetime, but would usually decay via two b-jets without a top quark, as shown in Fig. 10.

The case of a chargino LSP is very similar to that of a neutralino. The one significant
difference, as can be seen from Fig. 10, is that in the chargino case we expect no top in the
final state, and instead expect more b jets.

Finally, the LSP could be a slepton, mostly likely the lighter stau. This would probably
be much easier to observe at the LHC. The leading decay of the stau would be a four-body
decay involving top and bottom quarks, a light jet and either a lepton or missing energy, as
shown in Fig. 12. Since it is a four-body decay, the NDA estimate for the width of the stau
LSP is

Γτ̃ ∼ mτ̃

2048π5
|λ��

tsb|2 , (7.10)

with lifetime of order

ττ̃ ∼ (44 µm)

�
45

tan β

�4�
500 GeV

mτ̃

�
. (7.11)

5If mb̃L
<∼ mt, the phenomenology will be different yet again, with displaced vertices more likely due the

reduced width, but no extra top production.
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and a small fraction to other final states. Thus, an increase in top quark production is ex-
pected, with most SUSY events containing at least two top-jets. However, fewer b-jets will
be produced, except those arising from top decays.5

Otherwise, the LSP can be a chargino, a neutralino, or a slepton. Each of these will
give a distinct phenomenology. Assuming that the LSP is a neutralino, its decay will be
dominated by the diagram in Fig. 10. The width is approximately
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they can still be avoided in a sizable region of parameter space. Thus, for the case of a
neutralino LSP the expected signal of SUSY would be an increase in the top production
cross section (since the LSP decay involves top quarks), including potentially same-sign
tops, and possibly also displaced vertices for the lights jets. A gluino LSP would decay in
a very similar fashion to a neutralino LSP, whereas a chargino LSP would have a similar
lifetime, but would usually decay via two b-jets without a top quark, as shown in Fig. 10.

The case of a chargino LSP is very similar to that of a neutralino. The one significant
difference, as can be seen from Fig. 10, is that in the chargino case we expect no top in the
final state, and instead expect more b jets.

Finally, the LSP could be a slepton, mostly likely the lighter stau. This would probably
be much easier to observe at the LHC. The leading decay of the stau would be a four-body
decay involving top and bottom quarks, a light jet and either a lepton or missing energy, as
shown in Fig. 12. Since it is a four-body decay, the NDA estimate for the width of the stau
LSP is
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5If mb̃L
<∼ mt, the phenomenology will be different yet again, with displaced vertices more likely due the

reduced width, but no extra top production.
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b̃L, Ñ: final-state tops, C̃: many b-jets
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Lifetimes

b̃L LSP: Ñ, C̃ LSP:
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Displaced vertices can be avoided!
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Stau LSP
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Figure 11: The decay length (cτ) of a neutralino (left) or stau (right) LSP, in units of µm.
For a neutralino LSP, displaced vertices can arise in a substantial region of parameter space,
whereas for the stau, they are expected nearly everywhere.

Such long lifetimes will give displaced vertices in almost all of the relevant parameter space,
as shown in Fig. 11. Thus the signal of SUSY in the case of a stau LSP would be events
with displaced vertices, top and bottom quarks, and either a lepton or missing energy.

Current searches for R-parity violating supersymmetry are not very restrictive for MFV
SUSY. The more restrictive searches look for leptons among the final state particles, and
set bounds on the coupling λ�: this is exactly the one vanishing in MFV SUSY. The more
relevant searches are the ones carried out by CMS [36] (and also by CDF [37]): here the
R-parity violating decay of the gluino in the presence of a ūd̄d̄ coupling is considered by
searching for a resonance in 3-jet final states, after appropriate kinematic cuts are introduced
to separate potential SUSY events from QCD background. The most stringent CMS search
(using 35 pb−1 of data) yields a bound on the gluino mass mg̃ > 280 GeV. However, we
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ν

Figure 12: Slepton LSP decay without neutrinos (left) and with neutrinos (and thus missing
energy) on the right.
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RPV searches

Many searches look for λ′LQd̄ −→ irrelevant!

Searches for λ′′ūd̄d̄:

CMS/CDF: look for 3-jet resonance −→ mg̃ >∼ 280 GeV*

ATLAS: look for colored-scalar in 4-jet events:

The ATLAS Collaboration: Search for Massive Colored Scalars in Four-Jet Final States with ATLAS 5

Table 3. Comparison of data in signal region with background prediction. The first column shows the pT cut applied on the 4th

leading jet in pT, the second column the observed number of events in the signal region. The third column shows the prediction
of the ABCD method. Only the statistical uncertainty is indicated. The fourth column is the χ2/NDF (A, B) between the
shapes of the reconstructed average mass distribution in regions A and B. The last column shows χ2/NDF (B) for the fit to
the background region.

pT thresh. (4th jet) [GeV] data ABCD prediction χ2/NDF (A, B) χ2/NDF (B)
49 11732 11410 ± 150 1.31 0.77
55 6937 6740 ± 120 1.02 1.05
60 4098 3980 ± 90 0.85 1.09
66 2532 2460 ± 70 1.04 0.87
71 1590 1580 ± 60 1.18 0.98
77 1069 1030 ± 50 1.39 0.61
82 701 720 ± 40 1.59 1.04
88 480 517 ± 34 1.32 1.00
93 322 364 ± 29 0.94 1.22
99 218 266 ± 25 1.08 1.22
104 162 187 ± 21 1.05 1.13
110 116 151 ± 19 1.42 1.44

Table 4. The systematic uncertainties due to the jet energy scale (JES), jet energy resolution (JER), the ABCD method
(ABCD), the choice of the PDF (PDF), the integrated luminosity (L), the Monte Carlo statistics (MC stat.) and the trigger
efficiency (Trigger).

Source Effect
JES Signal peak center ±2%

Signal efficiency ±15%
JER Signal peak width ±10%
ABCD Background prediction ±1% to ±10%
PDF Signal efficiency ±2%
L Signal normalization ±3.4%
MC stat. Signal normalization in A(B,C,D) ±5(16, 5, 16)%
Trigger Signal normalization (eff = 99%) ±1%

limit for a branching ratio of 1 to gluon pairs, using a
leading order cross section [9] with CTEQ6L1 [25], sglu-
ons with masses from 100 GeV to 185 GeV are excluded at
95% confidence level with the exception of a mass window
of about 5 GeV around 140 GeV. The sgluon cross section
used was checked at

√
s = 14 TeV with Ref. [9] and was

found to agree at the percent level. The centrality of the
hyperpions compared to the sgluons increases due to the
additional contribution of the s-channel coloron exchange.
This property should increase the selection efficiency due
to the presence of the cut on the scattering angle. However,
to be conservative, the hyperpion cross section was scaled
down from the sgluon cross section according to Ref. [7].
Hyperpions with masses of 100 GeV to 155 GeV are ex-
cluded with the exception of a mass window of 15 GeV
around 140 GeV.

To conclude, four-jet events have been analyzed by the
ATLAS experiment, searching for the pair production of
a new scalar particle decaying to two jets. The data in the
signal region is in good agreement with the data-driven
background estimation. No evidence for new phenomena
was found. Cross section limits as a function of the mass of
the scalar particle have been determined. Interpreting the
cross section limit, sgluons (hyperpions) with masses from

100 GeV to 185 GeV (155 GeV) are excluded at 95% CL.
A mass window of about 5 GeV (15 GeV) around 140 GeV
remains unexcluded for the sgluons (hyperpions).
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Fig. 3. Expected and observed 95% CL upper bounds on the
scalar pair production cross sections as a function of the scalar
mass superimposed with the predictions of the sgluon and hy-
perpion pair production cross section.

(arXiv:1110.2693)

*Analysis assumes gluino LSP
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Dark matter?

SM LSP short-lived... not dark matter

Gravitino could be true LSP
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Figure 13: Gravitino decay via neutrino-photino mixing (left) for gravitinos below ∼ 1
GeV, and to hadrons (right) for masses above ∼ 1 GeV. The illustrated hadronic decay
G̃ → B+Ξ−

c , along with other decays arising from permutations of the cbs flavor labels and
from changing the flavor of spectator quark, is dominant when kinematically allowed.

Imposing the bound (6.10), we obtain a lower bound on the gravitino lifetime,

τG̃
>∼ (4 × 1039 yr)

�
1 GeV

m3/2

�3�
300 GeV

mq̃

�4�
tan β

10

�8

. (7.13)

If the gravitino is heavier than ∼ 1 GeV it can decay to hadrons via the R-parity violating
ūd̄d̄ vertex. While the exact decay mode will depend on what is kinematically available, for
m3/2 >∼ 10 GeV all hadronic two-body decays are kinematically allowed, and the dominant
mode will be that shown in Fig. 13. The width for the illustrated decay is

ΓG̃→B+Ξ−
c
∼

m3
3/2

24πM2
pl

�
Λ̃

mc̃

�4
λ2 m2

cm
2
sm

2
b

m6
t

tan4 β . (7.14)

Taking the matrix element to be large, Λ̃ ∼ 1 GeV, we find that

τG̃ ∼ (2 × 1022 yrs)
� mq̃

300 GeV

�4
�

10

tan β

�4�
100 GeV

m3/2

�3

. (7.15)

In either case a gravitino LSP is generically very long lived, with a lifetime much greater
than the age of the universe. Thus, the gravitino is a dark matter candidate, though more
study is needed to determine if it is a realistic one.

If the gravitino is the LSP, the NLSP can either decay to jets via the R-parity violating
vertex, (2.4), or to the gravitino itself. The partial width for the simplest gravitino decay,
e.g. t̃ → t + G̃, takes the form:

Γ ∼ m5
NLSP

24πm2
3/2M

2
pl

(7.16)

for a squark or slepton NLSP, with a similar expression in the case of a gaugino NLSP. Thus,
the rate is enhanced for a lighter gravitino, and if we assume that m3/2 saturates the lower
bound (6.15), then we obtain a branching ratio:

Γt̃→tG̃

Γt̃→SM

∼ (7 × 10−10)
� mt̃

300 GeV

�8
�

10

tan β

�12

(7.17)
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Generically long-lived−→ DM candidate

Relic abundance depends on thermal history
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Conclusions

A different approach to low-scale SUSY

MFV instead of R-parity

Many fewer parameters than generic RPV −→ predictive

LNV strongly suppressed; proton stable

Weak bound on tan β from dinucleon decay

Stop LSP decays promptly, no /ET , no displaced vertices

−→ hard to detect

Other LSPs have interesting phenomenology
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Future Directions

Detailed collider studies for different LSPs

LHC searches

Better understanding of dinucleon decay matrix elements

Baryogenesis from BNV coupling?

Gravitino dark matter?

Model building: UV completions of MFV SUSY
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