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Motivation of this work 

   R-parity violating (RPV) SUSY  (null result in missing energy search)

     With sizable RPV couplings ( >        )
     1) Baryon asymmetry generated above the EW scale is diluted. 
     2) Neutralino cannot be a dark matter, so new dark matter (DM) 
         candidates are needed. 
     Is there any relation between genesis of baryon and DM ? 
         : Cogenesis of baryon asymmetry and DMs at low temperature

    The Nanopoulos-Weinberg theorem for baryogenesis 
     Non-LSP decays/annihilations are usually used to avoid the NW theorem.       
     Does baryogenesis via LSP decays generate too small asymmetry ? 
        : LSP baryogenesis
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The Nanopoulos-Weinberg Theorem (1)
For a particle χ, which is stable when B (baryon) violating couplings are 
turned off, i.e.                                    , 

However B asymmetry can be generated at                              from higher 
loop diagrams. This possibility is usually ignored. 

Common detours to generate B asymmetry at one loop level : Consider particles 
which can decay to new particles, which are not SM baryons/leptons. Generate (B-
conserving) CP asymmetry first, followed by (B violating) decay of daughter particles.
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⇤
g̃] (2394)

�00i jkU
c
i D
c
j D
c
k/2 (2395)

�00323 (2396)

⌦ãh
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ã

m2g̃m
4
q̃

Im[mãm
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⌦ãh
2 ' ✓2a

⇣ vPQ
1012GeV

⌘7/6

(2397)

vPQ = 10
11GeV|�00323|

⇣ mã
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0.5GeV

⌘3/2
✓

0.8⇥ 10�10
nB/s

◆1/2✓
TeV

mq̃

◆5/2✓ Treh
107GeV

◆1/2

� B-conserving scattering

/B = 0 (2398)

! � � �̄ = 0 (2399)

�/B (2400)
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The Nanopoulos-Weinberg Theorem (2)
Here we consider generation of B asymmetry from decay of lightest new 
particles (LSPs in SUSY case). 

Effective operators to generate asymmetry from LSP decays

B-preserving terms like                 ,                 do not contribute to the 
asymmetry.
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gg ! g̃ 3/2 ã! a 3/2 (2398)

A B (2399)

(�q)(�̄q̄) (qq̄)(qq̄) (2400)

339

A = 1p
2
(s + iaQCD) +

p
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gg ! g̃ 3/2 ã! a 3/2 (2398)

A B (2399)

(�q)(�̄q̄) (qq̄)(qq̄) (2400)

339

A = 1p
2
(s + iaQCD) +

p
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Asymmetry in LSP baryogenesis
Asymmetry is generated by interference between tree and two loop diagrams

                                         
                                      which depends on  cosmological history of χ
A specific example : Axino LSP with RPV superpotentials,
                                  (Dark matter is also naturally provided) 
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ṅ⇣ + 3Hn⇣ = h�q̃!q⇣̃iq̃neqq̃
�

1� n⇣/neq⇣
�

✓

�q̃!q⇣̃ =
m5q̃
16⇡F 2⇣

◆

(2376)

1

F 2⇣

¯̃⇣q̄⇤⇣q mq̃/2 (2377)

0

@ +

a
b
d
d

a
b

d

d

1

A (2378)

X

B

� (�! B)�
X

B̄

� (�! B̄) = 0 at O(�2/B). (2379)

c1
⇤
(�q)(qq) +

c2
⇤5
(qq)(qq)(qq) (2380)

For

� (�! all) = O(�2/B) (2381)

M0UCMH ⇠ 4⇥ 10�5M�
✓

k�1

pc

◆3

(2382)

✏/B =

P

B � (X ! B)�
P

B̄ � (X ! B̄)
� (X ! all) = 0 at O(�0/B). (2383)

O(�4/B) (2384)

� (Y ! �) + � (Y ! B) = � (Y ! �) + � (Y ! B) (2385)

338

m⇣ ' 2m3/2 + (M.D.) . msoft F⇣ & (100TeV)2 msoft ⇠ TeV (2371)

q̃(g̃)$ q(g) + ⇣̃ (2372)

f⇣(p) / e�Ep/T T ⌧ mq̃ (2373)

h�q̃!q⇣̃iq̃neqq̃ = h�q⇣̃!q̃viq⇣̃neqq neq⇣ (2374)
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ã

m2g̃m
4
q̃

Im[mãm
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 Axino LSP and baryogenesis in RPV SUSY (1)
Axino is a fermionic superpartner of the QCD axion (aQCD). 

Thermal production of axino  by out-of-equilibrium scattering  (e.g.                ) 

Axino-three quark interactions from axino-higgsino mixing and RPV terms
Six quark interactions mediated by squarks with A-term, and gauginos 
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ṅ⇣ + 3Hn⇣ = h�q̃!q⇣̃iq̃neqq̃ � h�q⇣̃!q̃viq⇣̃neqq n⇣ (2375)
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s

⌘

TP
= 10�3g6s

✓

TR
1010GeV

◆✓

1012GeV

vPQ

◆2

(2385)

338



Axinos decay at T = TD

The produced baryon asymmetry from A-term/gluino mediation  

gives the upper bound on squark/gluion masses < O(10 - 100 TeV)

Constraints from neutron EDM : same CP phases for the MSSM soft terms
KKbar mixing, n-n oscillation, ΔmK : the single coupling,        , dominance
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On a separate note, the saxion is also produced from the thermal plasma in a similar
amount as the axino. Its decay rate is much larger than that of the axino, because the saxion
can decay through the R-parity conserving interactions. The saxion always decays to axions
with �

s!aa

= m3

s

/(64⇡v2
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), where m
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is the saxion mass. If kinematically allowed, the
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Thus saxions decay much earlier than the axinos. Furthermore, because their decays do not
produce any baryon asymmetry, the role of the saxion really is negligible.

3.2 Axino baryogenesis

As discussed in section 2, no contribution to ✏ comes at one-loop. The interference between
the tree-level decay and the two-loop decay (involving the �B = 2 interactions in Fig. 2(c,d))
gives a non-zero asymmetry,
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where 
g̃

, 
˜

B

are squark mass-dependent dimensionless parameters defined in Eq. (A.6). In
the limit of universal squark masses, we get
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=
14

9
. (3.17)

Here, all mass squared terms represent real values. We can check the bino contribution would
be same order of that of gluino’s if the GUT relation (m
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ã

m6q̃
Im[mãA
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Dark Matter : QCD axion
Gravitino should be heavier than 50 TeV in order not to disturb the BBN

Coherent oscillation of QCD axion can be a cold dark matter 

There is a bound on vPQ from the correct value of baryon asymmetry

For reasonable parameter spaces  

4.1 Heavy gravitino scenario

When the gravitino is heavy enough to decay through the R-parity conserving interactions,
the only possible candidate for dark matter is the axion. Axion cold dark matter is generated
when the axion starts to oscillate coherently at the QCD phase transition. Its abundance is
given as [40]
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, (4.2)

where k
a

is a numerical factor of O(1), ✓
a

is the axion misalignment angle, and �
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is the
possible dilution factor from entropy release when axinos decay after the axion coherent
oscillation has started. In viable parameter regions, we find that �
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is just O(1). The
initial angle ✓

a

is not averaged out because we assume the PQ symmetry is broken from the
inflation epoch. There is no dark matter contribution from the axionic string decays for the
same reason. With the natural value of the angle ✓2
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the present density of dark matter. From the dark matter constraint, a larger value of v
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a

. However, v
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will decay after the BBN era. Using Eqs. (3.8) and (3.13), v
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where c is O(1) coe�cient. In these expressions, we set all SUSY breaking parameters
as a common scale, M

SUSY

, for simplicity. Thus, we get v
PQ

. 1012 GeV for reasonable
parameter values. The allowed range is rather small,

1011 GeV . v
PQ

. 1012 GeV. (4.5)

In order to produce sizable baryon asymmetry, the reheating temperature should be
high enough, but it is notable that T

R

need not be as large as v
PQ

. This is consistent
with the assumption that the PQ symmetry is not restored in the reheating epoch. As
an example, the observed dark matter abundance and baryon asymmetry are generated
for v
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= 1.5 ⇥ 107 GeV at the benchmark point BP1, where m
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,
so that it corresponds to a rather compressed region of the parameter space. For a more
natural choice of parameters, the squark mass has to be below 8 TeV.

On the other hand, although the gravitino is not a present dark matter candidate, its
lifetime can be long enough to cause problems. The decay rate of the gravitino is
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gg ! g̃ 3/2 ã! a 3/2 (2401)

A B (2402)

(�q)(�̄q̄) (qq̄)(qq̄) (2403)

339



Dark Matter : Light gravitino
The light gravitino (sub GeV) can be a metastable dark matter (without 
spoiling axino LSP baryogenesis idea)  from thermal production 
(                     ) and direct decay of axino (                  ).
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Implications at the LHC 
light squark/gluino masses with large RPV couplings : multijet searches
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asymptotic calculator implemented in the ROOSTATS [33, 34] package. The full CLs calcula-
tions give similar limits within a few percent, and closure tests where a fixed signal is injected,
yield consistent coverage. The observed and expected 95% confidence level (CL) upper limits
on the gluino pair-production cross section times branching fraction as a function of gluino
mass are presented in Fig. 7. The solid red lines in the figure show the next-to-leading-order
(NLO) plus next-to-leading-logarithm (NLL) cross sections for gluino pair production [35–39],
and the dashed red lines indicate the corresponding one-standard-deviation (s) uncertainties,
which range between 15% and 43%. To quote final results, we use the points where the �1s-
uncertainty curve for the NLO+NLL cross section crosses the expected- and observed-limit
curves. We additionally quote the result where the central theoretical curve intersects the limit
curves.

The production of gluinos undergoing RPV decays into light-flavour jets is excluded at 95%
CL for gluino masses below 650 GeV, with a less conservative exclusion of 670 GeV based upon
the theory value at the central scale. The respective expected limits are 755 and 795 GeV. These
results extend the limit of 460 GeV [10] obtained with the 7 TeV CMS dataset. Gluinos whose
decay includes a heavy-flavour jet are excluded for masses between 200 and 835 GeV, which
is the most stringent mass limit to date for this model of RPV gluino decay, with the less con-
servative exclusion up to 855 GeV from the central theoretical value. The respective expected
limits are 825 and 860 GeV. While a smaller phase space is probed in the heavy-flavour search,
the limits extend to higher masses because of the reduction of the background.
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Figure 7: Observed and expected 95% CL cross section limits as a function of mass for the
inclusive (left) and heavy-flavour searches (right). The limits for the heavy-flavour search cover
two mass ranges, one for low-mass gluinos ranging from 200 to 600 GeV, and one for high-mass
gluinos covering the remainder of the mass range up to 1500 GeV. The solid red lines show the
NLO+NLL predictions [35–39], and the dashed red lines give the corresponding one-standard-
deviation uncertainty bands [40].

8 Summary

A search for hadronic resonance production in pp collisions at a centre-of-mass energy of 8 TeV
has been conducted by the CMS experiment at the LHC with a data sample corresponding to
an integrated luminosity of 19.4 fb�1. The approach is model independent, with event selection
criteria optimised using the RPV supersymmetric model for gluino pair production in a six-jet
final state. Two different scenarios for this RPV decay have been considered: gluinos decaying
exclusively to light-flavour jets, and gluinos decaying to one b-quark jet and two light-flavour
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Summary yield table for SR250

M⌃
J Bin Expected SM Obs.

mg̃ = 600 GeV mg̃ = 1 TeV mg̃ = 1.4 TeV
m�̃0

1
= 50 GeV m�̃0

1
= 600 GeV m�̃0

1
= 900 GeV

350 - 400 GeV 1400±35 +120
�134 1543 83±4.6 ±15±14 3.3±0.12 ±0.78±0.85 0.17±0.01 ±0.03±0.07

400 - 450 GeV 920±33 +140
�140 980 92±4.8 ±11±16 5.6±0.16 ±1.5±1.5 0.27±0.01 ±0.07±0.11

450 - 525 GeV 780±33 +94
�94 823 140±5.8 ±15±23 17±0.28 ±3.3±4.4 0.79±0.02 ±0.13±0.31

525 - 725 GeV 490±24 +67
�67 495 160±6.2 ±30.±27 56±0.51 ±4.1±15 3.3±0.05 ±0.34±1.3

> 725 GeV 37±5.5 +16
�12 42 22±2.3 ±9.1±3.9 27±0.36 ±7.4±7.0 4.4±0.06 ±0.56±1.7

Table IV. Table showing the predicted in the SM and observed number of events in SR250 as well as three representative signal
scenarios. The background uncertainties are displayed as statistical + systematic; the signal uncertainties are displayed as
statistical + systematic + theoretical.
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Figure 12. Expected and observed cross-section limits for
the six-quark gluino models for (a) the case where no gluinos
decay into heavy-flavor quarks, and (b) the case where every
gluino decays into a b-quark in the final state.
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Figure 13. Expected and observed cross-section limits for the
six-quark gluino models for (a) the case where each gluino is
required to decay into a top quarks, and (b) the case where
every gluino decays into a b-quark and a top quark.



Conclusion
If there are large B-violating couplings, all baryon asymmetry made at high 
temperature is diluted, and new baryon asymmetry should be generated at 
low temperature. 

We proposed the idea that long lived LSP decays generate a sizable baryon 
asymmetry at two loop level. 

Axino LSP in RPV SUSY gives a viable example to realize LSP baryogenesis 
with dark matter candidates: QCD axions, light gravitinos. 

The large RPV coupling and relatively light squark/gluino masses are 
preferred. LHC searches for mulijet signal give implications on our 
baryogenesis model.
  


