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CHIRAL FOURTH GENERATION
•4G Quarks strongly constrained

Direct searches: 
Mb0,t0 & 600 GeV

Indirect Limits:
mh > 600 GeV !
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4G LEPTONS WITHOUT QUARKS

• Full family of quarks and lepton required for anomaly 
cancellation

• Instead: Introduce a set of mirror leptons with same 
quantum numbers but opposite chirality

Name `0L e0R ⌫ 0R `00R e00L ⌫ 00L
Quantum Numbers (1,2,1/2) (1,1,1) (1,1,0) (1,2,1/2) (1,1,1) (1,1,0)

Table 1. Particle content of the model with SU(3)⇥ SU(2)⇥U(1) quantum numbers.

2 The Model

The model introduces one additional family of standard model (SM) like leptons consisting

of a left-handed SU(2) doublet `0L and the corresponding charged and neutral singlets e0R
and ⌫ 0R to allow mass generation through the Higgs mechanism. In addition one mirror

family of leptons is introduced with identical quantum numbers, but opposite chirality. This

makes the model manifestly anomaly free, since the fields of opposite chirality combine into

vector-like multiplets. The full particle content introduced in this model is displayed in

Tab. 1.

The Lagrangian density of the model is given by

L = m`
¯̀0
L`

00
R +meē

00
Le

0
R +m⌫ ⌫̄

00
L⌫

0
R +

1

2
M 0⌫ 0⌫ 0 +

1

2
M 00⌫ 00⌫ 00+

Y 0
c (¯̀

0
LH)e0R + Y 0

n(¯̀
0
L⌧H

†)⌫ 0R + Y 00
c (¯̀

00
RH)e00L + Y 00

n (¯̀
00
R⌧H

†)⌫ 00L + h.c. (2.1)

Here we have written down all mass terms and couplings that are allowed by gauge invari-

ance, including Majorana masses for the neutral singlet neutrinos. Couplings that would

mix the new leptons with SM leptons are omitted here. Limits on these couplings will be

discussed later.

There are two interesting limits of the above Lagrangian that can be realized by impos-

ing a discrete symmetry on some of the new fields. First, one can impose a parity symmetry

under which the new SU(2) singlet fields are odd, while all other fields are even. This sym-

metry forbids Yukawa couplings between the new fields such that Y 0
c = Y 00

c = Y 0
n = Y 00

n = 0,

and the masses for all fields come exclusively from explicit mass terms in the Lagrangian,

and are not a↵ected by electroweak symmetry breaking. In this limit the new fields can

be decoupled from the SM without any observable low energy e↵ects. We will not further

discuss this possibility here.

Alternatively, one can impose a discrete symmetry under which the mirror leptons

are odd, such that the explicit mass terms m`, me and m⌫ are forbidden. In this limit,

the mirror sector can not mix with SM leptons, however the new SM like leptons will

behave like an ordinary fourth lepton family, with corresponding experimental signatures

and limits.

Put some references here.

For the remainder of this paper we will focus on two scenarios:

• Scenario I: Z2 symmetry with parity odd mirror leptons, no explicit mass terms,

• Scenario II: no symmetry, mixing between leptons and mirror leptons.

One important di↵erence between these two scenarios is their e↵ect on the Higgs decay to

photon pairs. While Scenario I always leads to a suppression of the decay rate compared

– 2 –

4G Leptons Mirror Leptons
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LAGRANGIAN/PARAMETERS

•Yukawa couplings within one generation

•Majorana masses for right handed neutrinos

•Dirac masses mix generations (mirror parity?)
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WITH MIRROR PARITY

•Charged lepton masses purely from Yukawa couplings

•LEP limits                     :  sizable coupling to Higgs

•Higgs diphoton rate:
 

•Large (70%) suppression

4 Higgs Properties

The new charged leptons, e1 and e2 contribute to the Higgs decay to photons through the

diagrams shown in Fig. ??. In the mass basis, the contributions to the decay are given by

�h!�� /
����A1(⌧w) +

4

3
A1/2(⌧t) +

ch11v

m1
A1/2(⌧e1) +

ch22v

m2
A1/2(⌧e2)

����
2

, (4.1)

where the loop functions for spin 1/2 and spin 1 particles are given by

... . (4.2)

In the limit of vanishing Dirac mass terms (Scenario I), the pre factors chiiv/mi go to

one. It then follows that there is destructive interference between the dominant W bo-

son contribution and the charged lepton loops. Since the new leptons don’t a↵ect the

Higgs production channels, the e↵ect on the di-photon search channel at the LHC is fully

described by the ratio

R�� =
�(h ! ��)

�(h ! ��)SM
. (4.3)

For Scenario I we find a large suppression of the di-photon rate, R�� ⇡ 0.25, across the

whole allowed parameter range. In contrast, in Scenario II it is instead possible to obtain

an enhancement of the di-photon rate due to the mis-alignment of the mass and Yukawa

basis. To obtain a qualitative understanding of this behavior it is instructive to consider

the determinant of the mass matrix, which is related to the Higgs couplings to the mass

eigenstates through

X

i

chiiv

mi
=

d

dv
log det(M) =

Y 0
cY

00
c v

2

Y 0
cY

00
c v

2 �m`me
. (4.4)

Two limiting cases are immediately obvious. In the absence of mixing between the lep-

tons and mirror leptons (m` = me = 0), this quantity goes to one and only destructive

interference is possible. When, on the other hand, the Yukawa couplings are set to zero,

the leptons don’t couple to the Higgs and the contribution to the di-photon decay rate

vanishes. It is possible to obtain a negative value, i.e. positive interference with the W

boson loop, only when both the Yukawa couplings and explicit mass terms are nonzero.

For order one Yukawa couplings, it is possible to obtain an enhancement of �(h ! ��)

up to 50% compared to the SM prediction. This is illustrated in Fig. 1, where we choose

Y 0
c = Y 00

c = 1 and vary the Dirac mass terms to determine the regions where the di-photon

rate is enhanced or suppressed compared to the SM.

5 UV stability and Unification

We solve the RGEs. The results are shown in a figure. Small Yukawas are preferred if we

want stability above the TeV scale.

– 4 –

m`0 > 100 GeV

O(1)
�8.3
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HIGGS “PROPERTIES”

No discovery yet!
But: Suppression of di-photon rate probably a bad idea 

Giardinoa, 
Kannikeb, 
Raidalc, 
Strumia, 2012
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HIGGS TO PHOTONS, WITH MIXING

•Charged lepton mass matrix

•Remember:

•Enhancement possible? 
 

•Need: both Yukawas nonzero, finite lepton masses

to the SM prediction, Scenario II has regions of parameter space where the decay rate can

be enhanced. This will be discussed further in Sec. 4.

The spectrum of the model in Scenario I is can easily be derived from the Lagrangian.

After electroweak symmetry breaking, there are two charged leptons with masses Y 0
cv and

Y 00
c v, where v = 174 GeV is the Higgs vacuum expectation value (VEV). In the neutral

sector the two massive neutrino states are further split when the Majorana masses are

nonzero, such that there are four neutrinos with masses ...

Put spectrum here

The spectrum for Scenario II is slightly more complicated, since now there is mixing

between the ordinary and the mirror leptons.

mass term structure

Since this it is of interest for Higgs phenomenology, we will here perform the mass

diagonalization for the charged lepton sector explicitly, and just note that the same can be

done for the neutral lepton sector. The mass term has the form

L �
⇣
ē0L ē00L

⌘
M
 
e0R
e00R

!
+ h.c. where M =

 
Y 0
cv m`

me Y 00
c v

!
. (2.2)

The matrix can be diagonalized by two unitary matrizes, MD = VLMV †
R. The couplings

of the mass eigenstates to the Higgs boson are then given by the diagonal entries of the

rotated Yukawa coupling matrix Ch = V †
LYcYR:

Ch11 = Y 0
cV

⇤
L11VR11 + Y 00

c V
⇤
L21VR21 , (2.3)

Ch22 = Y 0
cV

⇤
L12VR12 + Y 00

c V
⇤
L22VR22 . (2.4)

3 Experimental constraints

Precision tests -¿ done!

LEP limits

Lepton flavor violation (assume no mixing to avoid problems!)

Lepton number violation (when majoranas are nonzero. Refer to Lenz et al for now)

Comment on the LEP limits: The limit on the mass of additional charged leptons is

me0 > 100.8 GeV. As usual, this limit assumes a very specific decay, e0 ! W⌫, where ⌫ is

a SM neutrino. It should be possible to weaken this bound by letting the charged lepton

decay to a new neutral lepton (i.e. the new neutrinos ⌫ 0). I don’t have much experience

with analyzing LEP data, and the LEP limit isn’t hurting us, but this might be something

to look at in the future.
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STABILITY LIMITS

•Higgs stability/triviality,
standard model:

• For low     , Higgs 
quartic gets negative at
large scales: unstable

•We add more Yukawas - if the Higgs is at 125 GeV, 
stability will be an issue! 

Ellis et al, arXiv:0906.0954

mh
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STABILITY LIMITS

•One loop RGE of
Higgs quartic

•Vanishing neutral
Yukawas

•  

•Or, add new physics at TeV scale to improve UV 
behavior

Yc=0.5

Yc=0.8Yc=1
Yc=1.2

100 1000 104 105 106
0.00

0.05

0.10

0.15

0.20

0.25

0.30

L@GeVD

l

Figure 3. Evolution of the Higgs quartic coupling as a function of the scale ⇤, for di↵erent values
of the charged lepton Yukawa couplings (Y 0

c = Y 00
c = Yc), as indicated in the figure. Threshold

were taken as 100 GeV, 173 GeV and 400 GeV for the light charged lepton, top quark, and heavy
charged lepton respectively.

should be fine with a coupling that is suppressed by 10-100 compared to a SM neutrino

coupling to the Z. To get the relic density right one might have to add co-annihilation.

7 Potential signals at LHC

This is very model dependent of course. But one can at least motivate an interesting mass

range using the gamma gamma results

Two generic cases: charged states lighter (1) or heavier (2) than neutral states

(2) neutrals can be long lived. Possible signatures: e+1 e�1 production, decay to W+

W- + neutrinos -¿ WW + missing energy

(1) - long lived charged particles (tracks in detector!)

- short lived, decay to SM leptons,

With finite majorana masses, we can also have lepton number violating phenomena,

and same sign lepton production. Wai-Yee was interested in such scenarios!

8 Conclusions
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DI-PHOTON RATE

•Ratio
 

•Yukawas
 

•50% enhancement easy

•More enhancement:
increase Yukawas, or have to evade LEP limit 
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basis. To obtain a qualitative understanding of this behavior it is instructive to consider

the determinant of the mass matrix, which is related to the Higgs couplings to the mass

eigenstates through

X

i

chiiv

mi
=

d

dv
log det(M) =

Y 0
cY

00
c v

2

Y 0
cY

00
c v

2 �m`me
. (4.4)

Two limiting cases are immediately obvious. In the absence of mixing between the lep-

tons and mirror leptons (m` = me = 0), this quantity goes to one and only destructive

interference is possible. When, on the other hand, the Yukawa couplings are set to zero,

the leptons don’t couple to the Higgs and the contribution to the di-photon decay rate

vanishes. It is possible to obtain a negative value, i.e. positive interference with the W

boson loop, only when both the Yukawa couplings and explicit mass terms are nonzero.

For order one Yukawa couplings, it is possible to obtain an enhancement of �(h ! ��)

up to 50% compared to the SM prediction. This is illustrated in Fig. 1, where we choose

Y 0
c = Y 00

c = 1 and vary the Dirac mass terms to determine the regions where the di-photon

rate is enhanced or suppressed compared to the SM.

5 UV stability and Unification

We solve the RGEs. The results are shown in a figure. Small Yukawas are preferred if we

want stability above the TeV scale.
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Figure 2. The ratio R�� for Y 0
c = Y 00

c = 0.8. Rest as in previous figure.

(⌫ 0L, ⌫
0
R, ⌫

00
L, ⌫

00
R) has the form

M =

0

BBB@

0 Y 0
nv 0 m`

Y 0
nv M 0 m⌫ 0

0 m⌫ M 00 Y 00
n v

m` 0 Y 00
n v 0

1

CCCA
. (6.1)

In the limit where the Yukawa couplings vanish, the two neutrinos from the SU(2) doublets

form a Dirac neutrino N with mass m`, while the two singlet neutrinos mix and form two

Majorana mass states N1 and N2, which are sterile, i.e. decoupled from both the SM and

the extended lepton sector, in this limit.

Consider now the case Y 00
n = 0, m⌫ = 0, and assume that Y 0

nv ⌧ m`. Now ⌫ 00L is sterile,

but the other three neutrinos mix, generating a coupling of the singlet of order

Y 0
nv

M 0 ±m`
. (6.2)

While the most general structure has more parameters and mixings, this should be su�cient

to adjust the annihilation rate (both through Z and Higgs boson exchange) and the direct

detection rate to make this a viable dark matter candidate.

Since this is Majorana Dark Matter, the important constraints come from Spin Inde-

pendent (Higgs exchange) and Spin Dependent (Z exchange) direct detection limits. Both
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PRECISION CONSTRAINTS

•Add electroweak
constraints 

•Orange: allowed by
S & T parameters at
95% CL 
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OTHER PHENOMENOLOGY

•Assume no mixing with SM leptons

‣ Lightest neutrino is dark matter candidate

‣ Generic decays

‣ Simplified model for
  

‣ Weak production, LHC only starts being sensitive

e0 ! W⌫0 ⌫00 ! Z⌫0

pp ! WW + E/ ! 2`+ E/

pp ! WZ + E/ ! 3`+ E/

pp ! ZZ + E/ ! 4`+ E/
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CONCLUSIONS

•New leptons are interesting!

•Possible explanation for modified Higgs BRs, 
consistent with EWPT, stability

•Rich collider and dark matter phenomenology



THANK YOU!
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RELIC DENSITY

‣at most 20%
of “observed”
dark matter

‣Higgs mass
150 GeV 

‣Co-annihilation near 
‣full density only with modified thermal history
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Compare: �DM,WMAP ⇡ 0.11

M2 = M1

e.g. Kainulainen et. al. 2007
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DM: CONSTRAINTS

‣Thermal relic density - annihilation rate

‣Direct detection rates
‣Dirac: Spin-independent scattering unsuppressed
excluded 20 years ago

‣Majorana: SI scattering suppressed by light quark masses. 
Consider both SI and SD scattering  

small, but non-negligible
for Majorana N1
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DIRECT DETECTION: SD LIMITS

‣Xenon 10: Exclude 
Majorana neutrino for
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FIG. 2: Left: Predicted number of events in XENON10 for a heavy Majorana neutrino with standard weak interaction as a
function of the neutrino mass, using the main (solid curve) and alternate (dashed curve) form factors. The light shaded area
shows the excluded mass region at 90% CL, calculated with Yellin’s Maximal Gap method [19] for the main form factors. Right:
Regions allowed at the 90% CL in an − ap parameter space for a WIMP mass of 50 GeV/c2. The combined limit from 129Xe
and 131Xe is shown as a dark solid curve (using the main form factor, see text), The exteriors of the corresponding ellipses are
excluded, the common space inside the ellipses being allowed by the data. We also show the results obtained by KIMS [22]
(dot-dashed), COUPP [25] (dotted) (’horizontal’ ellipses) and CDMS [20] (dotted), ZEPLIN-II [21] (dashed) and the DAMA
evidence region [18] (light filled region) (’vertical’ ellipses).

of 5.4 kg. The results for pure neutron couplings are the
world’s most stringent to date, reaching a minimum cross
section of 5×10−39cm2 at a WIMP mass of 30GeV/c2.
We exclude new regions in the ap − an parameter space,
and, for the first time, we directly probe a heavy Majo-
rana neutrino as a dark matter candidate. Our obser-
vations exclude a heavy Majorana neutrino with a mass
between ∼10GeV/c2–2TeV/c2 for using a local WIMP
density of 0.3GeV/cm3 and a Maxwell-Boltzmann ve-
locity distribution. We note that our sensitivity to axial-
vector couplings could be strongly improved by using a

larger mass of enriched 129Xe as the dark matter target.
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DIRECT DETECTION: SD LIMITS

‣Xenon 10: Exclude 
Majorana neutrino for
 

‣Event rate scales 
with relic density

‣Stable    allowed if
this is what we expect for a thermal relic    
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FIG. 2: Left: Predicted number of events in XENON10 for a heavy Majorana neutrino with standard weak interaction as a
function of the neutrino mass, using the main (solid curve) and alternate (dashed curve) form factors. The light shaded area
shows the excluded mass region at 90% CL, calculated with Yellin’s Maximal Gap method [19] for the main form factors. Right:
Regions allowed at the 90% CL in an − ap parameter space for a WIMP mass of 50 GeV/c2. The combined limit from 129Xe
and 131Xe is shown as a dark solid curve (using the main form factor, see text), The exteriors of the corresponding ellipses are
excluded, the common space inside the ellipses being allowed by the data. We also show the results obtained by KIMS [22]
(dot-dashed), COUPP [25] (dotted) (’horizontal’ ellipses) and CDMS [20] (dotted), ZEPLIN-II [21] (dashed) and the DAMA
evidence region [18] (light filled region) (’vertical’ ellipses).
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ADD IN SPIN INDEPENDENT LIMIT

‣Red: Excluded
by Xenon 100
2010 data

‣Blue hatched:
Excluded by 
Xenon 10

‣Both limits assuming full relic density. No 
exclusion (yet) for thermal relic density 
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HOW TO GENERATE A BARYON 
ASYMMETRY?

Sakharovs conditions (1967):

•Baryon number violation

•CP violation

•Departure from equilibrium

SM:







(B+L)!

4G: New CP phases

4G: Low scale
Leptogenesis 
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PREVENT (B+L) WASHOUT

‣Assume initial (B+L) asymmetry

‣Problem: Erased by weak sphalerons

‣Long lived 4G quarks/leptons: Additional, 
approximate quantum numbers 

‣Prevents complete
washout:  

Murayama et al, 2010

B4, L4
3

µUR = µ0 + µUL (⌅0 � ŪL + UR)

µdR = �µ0 + µW + µuL (⌅0 � d̄L + d̄R)

µDR = �µ0 + µW + µUL (⌅0 � D̄L + D̄R)

µeR = �µ0 + µW + µi (⌅0 � eL + ēR)

µER = �µ0 + µW + µNL (⌅0 � EL + ĒR)

µNR = �µ0 + µW + µNL (⌅0 � NL + N̄R) (2)

The mass correction to the particle number asymmetry den-
sity np is

np =
gp
⇤2

T 3
� µ
T

⇥� 1

x
y
 

y2 � x2
ey

(1± ey)2
dy

=

⇤
⌃⇧

⌃⌅

gpT 3

3

�µ
T

⇥
�b(x) p is a boson,

gpT 3

6

�µ
T

⇥
�f (x) p is a fermion,

(3)

where we assume np  µ for small asymmetries. gp is the
number of internal degrees of freedom and x = m/T . The
mass correction functions for bosons and fermions are nor-
malized as �b(0) = �f (0) = 1. We define ⇥ ⌅ N �

⌥
i �i

(N = 3) for SM particles with i = 1, 2, 3 generations. ⇥u,
⇥d and ⇥i stands for the overall mass corrections for up type
SM quarks, down type SM quarks and SM charged leptons,
respectively. The �W , �0, �U , �D, �E and �N are the
mass function in Eq. (3) for W boson, neutral Higgs, 4G up-
quark, 4G-down quark, 4G charged lepton and 4G neutrino
respectively. It is easy to see ⇥d and ⇥i < 5 ⇥ 10�4 since
Tsph > mW so we will ignore their contribution in the follow-
ing discussions. The neutral Higgs boson condenses so we
have µ0 = 0. One can write the charge densities in terms of
the chemical potential (upto irrelevant constants):

Q ⌃ 2(N � 2⇥u)µuL � 2(2N + 3�W )µW � 2µ

+4�UµUL � 2�D(µUL + µW )� 2�E(µNL + µW )

B ⌃ (4N � 2⇥u)µuL + 2NµW

L ⌃ 3µ+ 2NµW

B4 = 2�UµUL + 2�D(µUL + µW )

L4 = 2�NµNL + 2�E(µNL + µW ) , (4)

where the net Q (electric charge density) must be 0. The con-
served charge densities are

B � L = (4N � 2⇥u)µuL � 3µ

B4 � L4 = 2�UµUL + 2�D(µUL + µW )

�2�NµNL � 2�E(µNL + µW )

L� 3L4 = 3µ+ 2NµW � 6�NµNL

�6�E(µNL + µW ) . (5)

The electroweak sphaleron process which converts qqql of
each generation into nothing give us the last constraint

3NµuL + 2(N + 1)µW + µ+ 3µUL + µNL = 0 . (6)

Now we can pick up two sample spectra which are consis-
tent with the most recent data, mN = 46 GeV, mE = 103

200 300 400 500 600
Tsph �GeV⇥

�0.2

0.2
0.4
0.6
0.8
1.0

nb
⇥

FIG. 2: The final baryon asymmetry versus the inital asymmetry
nb/� as as a function of sphaleron freeze-out temperature Tsph
(GeV). The blue (red) lines are for mN = 46(46) GeV, mE =
134(103) GeV, mU = 350(380) GeV, mD = 350(380) GeV,
m�0 = 300(130) GeV.
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FIG. 3: Production rate for the UŪ at the LHC, the blue curve is the
cross section �(pp � UŪ) computed by PYTHIA at the LHC with⇥
s = 14 TeV from Ref. [23]. The red curve is the one at the early

LHC with
⇥
s = 7 TeV at the NLO level from [24, 25].

GeV, mU = 380 GeV, mD = 380 GeV, m�0 = 130 GeV
or mN = 46 GeV, mE = 134 GeV, mU = 350 GeV,
mD = 359 GeV, m�0 = 300 GeV and show how the final
baryon asymmetry is obtained from an initial baryon asym-
metry with B � L = 0. The full numerical results including
all the mass effects are presented in FIG. 2. We choose the
initial asymmetry as B = L = 3 ⇥, B4 = L4 = 0 and use the
minimal 4G, mt =172 GeV, mW = 80 GeV. One can clearly
see that the final baryon number density is the same order as
the initial baryon number density 3 ⇥ if the sphaleron decou-
pling temperature is not too high. Note that even for very high
sphaleron decoupling temperature Tsph when the 4G fermions
are essentially massless, the baryon number is not completely
erased because of the mismatch in the number of the neutrino
degrees of freedom.

For the LHC signals of the long-lived 4G quarks [31], we
first estimate their proper lifetime. U/D have to decouple
from the SM fermions above the sphaleron freeze-out tem-
perature Tsph which gives us the lower limit on the proper
lifetime: �(U/D ⌥ qW±) < H ⇧ T 2

sph/Mpl. The long-
lived particles U/D should not disrupt the success of BBN
which gives us the upper limit of the proper lifetime. Then

Murayama et al, 2010


