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Naturalness of Weak Scale

Requires top partners not far beyond the EW scale to cancel the
quadratic contribution to m2

h from the top loop.

SU(3) charged top partners

Negative reuslts for both SUSY/global symmetry models.
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Neutral Naturalness

There has been a surge of interests in models where the top
contribution to the Higgs mass is cut off by states that do not carry
color, thus their production rates are low at hadron colliders.

Zackaria Chacko,
David Curtin, and
Christopher B.
Verhaaren
arXiv:1512.05782
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The Model

I Extend gauge group to SU(3)3 × SU(2)× U(1). A Z3 symmetry
relate the gauge couplings of the three SU(3) gauge groups
(labeled by A, B, C, with A being the SM color) at the cutoff
scale.

I The superpotential of the top sector is

W ⊃ yt (QAHu
c
A + QBHu

c
B + QCHu

c
C ) (1)

+ M(u′Bu
c
B + u′Cu

c
C ) + ω(QBQ

′c
B + QCQ

′c
C ) .

and the soft masses:

Vs = m̃2
(
|Q̃A|2 + |ũcA|

2
)
− m̃2

(
|ũcB |

2 + |ũcC |
2
)
. (2)
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Accidental SUSY

Accidental SUSY

In the m̃→ M limit, the Higgs potential is approximately symmetric
under t̃A ↔ ũcB and ũcA ↔ ũcC .

Defining ∆2 ≡ M2 − m̃2:

I Same
fermionic vs.
bosonic d.o.f.
at each mass
level.

I The Higgs
potential
vanishes.
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Fine Tuning

I The requirement that ∆ =
√
M2 − m̃2 � M corresponds to a

tuning of ∼ ∆2/M2 without a physical explanation that relates
the supersymmetric mass M and the SUSY-breaking m̃.

I If adopting the Barbieri and Giudice’s measurement of fine
tuning, we also need to concern the tuning relative to ∆ and ω.

I However, in another point of view1, by breaking a large hierarchy
in to smaller steps alleviates the fine-tuning. Because each step
will have an “average sensitivity” and should be separated from
the overall fine-tuning.

1Greg Anderson, Diego Castano, arXiv 9409415
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Top Sector EW Charges

The hidden sector EW charge assignment:

QB,C =

(
tB,C
bB,C

)
∼ 2−1/2

Q ′cB,C =
(
b′cB,C t

′c
B,C

)
∼ 21/2

ucB,C , u
′
B,C ∼ 10 .

The top partners are electromagnetic neutral, and uB,C are even EW
singlets!
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Collider Phenomenology

I Hidden
Glueballs

I SM doublet
quirky objects
with
mass∼ ω

I SM neutral
quirky objects
with
mass∼ ∆
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Hidden Glueball

I ΛB/C & 5 GeV⇒ lightest hidden glueball (0++) mass & 35 GeV.

I 0++ hidden glueball’s decay is similar to fraternal twin Higgs
(FTH) or Folded SUSY, via mixing with the SM Higgs.

Long-Lived Compared to Similar Models

cτ0++ ∼ 1.2 m

(
5 GeV

ΛQCDB,C

)7 ( ω

500 GeV

)4
(

∆

300 GeV

)4(100 GeV

δm

)4

.

(3)

I Suppressed h→ hidden glueball branching ratio.
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Quirk Signals (∆ > ω Case)
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The SM doublet quirk production is the most relevant.
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Quirk Signals

I As hidden QCDs are confined, they form bound states.

I Quirky bound states can decay to many final states in general.

I It turns out that `ν and `` are the leading channels.
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Squirk Signals (ω > ∆ Case)
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In this case, the EW singlet scalars will be the lightest.

I Low ũB/C direct production rate.

I Mainly produced from doublet decay.
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Squirk Signals

I EW singlet bound states dominantly decay to hidden glueballs.

I Collider constraints are weak.
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Conclusion

I We presented a new supersymmetric model where the top
partners are complete SM singlet scalars, filling a missing entry
in Neutral Naturalness.

I The relatively light EW doublet states accompanied the scalar
top partners give interesting (s)quirkonium phenomenology,
providing a window to test this model.

I Several interesting variations of our model can be envisaged.
Such as models with a very light singlet top partner (a few GeV
or even lower). These cases will be investigated in a future
publication.
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A 4-D Model

How essential the extra dimensional setup?

4D model: Allowing more freedom compared to 5D models.
EWinos/sleptons are not governed by the same mass scale as the true
stops, and can still be light.

I A naive attempt:

WZ2 = yt (QHuc + QfHu
c
f ) + M

(
QfQ

′c
f + u′f u

c
f

)
(4)

with soft masses:

Vs = m̃2
(
|Q̃|2 + |ũc |2

)
− m̃2

(
|Q̃f |2 + |ũcf |

2
)
. (5)

to mimic the low-lying folded SUSY spectrum.

I However it doesn’t work! The coupling of the light color-neutral
scalars to the Higgs vanishes in the limit m̃ = M.
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Accidental SUSY (Details)

For non-zero ∆ and ω much less than M, the Higgs potential can be
a la Coleman-Weinberg. It is free from quadratic divergence.

V1 = y2
t h

2
(
|t̃A|2 + |ũcA|+ |t̃B |

2 + |ũcB |+ |t̃C |
2 + |ũcC |

)
,

V2 = M2
(
|ũcB |

2 + |ũcC |
2
)

+ M2
(
|ũ′B |

2 + |ũ′C |
2
)
,

V3 = ythM
(
t̃∗B ũ
′
B + t̃∗C ũ

′
C + h.c.

)
, (6)

V4 = ω2
(
|t̃B |2 + |t̃ ′cB |

2 + |t̃C |2 + |t̃ ′cC |
2
)
,

V5 = ythω
(
ũc ∗B t̃ ′cB + ũc ∗C t̃ ′cC + h.c.

)
,

Accidental SUSY (Continued)

In the limit of m̃→ M limit, by including soft masses Vs and
exchanging t̃A ↔ ũcB and ũcA ↔ ũcC , V1 + V2 + V3 + V4 map to
itself. V5 is not invariant, but its contribution to the Higgs mass2 is
suppressed by a loop factor.
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Higgs Potential (Continued)

Vh2 =−
Ncy2

t h
2

8π2

[
−
(
M2 −∆2

)
ln

(
1−

∆2

M2

)
−

∆4

ω2 −∆2
ln

M2

∆2

+
ω4(M2 −∆2)

(M2 − ω2)(ω2 −∆2)
ln

M2

ω2

]
(7)

≈−
Ncy2

t h
2

8π2

[
ω4

ω2 −∆2
ln

M2

ω2
−

∆4

ω2 −∆2
ln

M2

∆2
+ ∆2

]
+ O

(
M−2

)
. (8)

From Eqs. (7), setting for example M = 2 TeV, ω = 500 GeV,
∆ = 300 GeV and neglecting the running of yt , we find
m2 ' −(196 GeV)2.
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Opposite-Sign Soft Masses

I One simple possibility is the soft masses come from a hidden
U(1) D-term where different fields have +1,−1 or 0 hidden
charge.

I However, the Yukawa interaction terms have nonzero and
different charges. They need to include U(1) breaking VEVs. Its
not easy to justify the equality of the Yukawa couplings.
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Opposite-Sign Soft Masses (Continued)

Another possibility is that the charge is a global symmetry of some
strong dynamics, which is not respected by the Yukawa interactions.
eg. QA,B,C & ucA,B,Care composite fields in s-confining theories a la
Seiberg SU(N) gauge theory with N + 1 flavors. Soft masses of the
meson fields can be determined from the anomalous U(1)s acting on
the constituent quark fields. (Arkani-Hamed & Rattazzi,
hep-th/9804068)
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Opposite-Sign Soft Masses (Continued)

m̃2
ij = m̃2

Pi
+ m̃2

P j
−

2

b

∑
k

Trk

(
m̃2

Pk
+ m̃2

Pk

)
(9)

m̃2
QB,C

= m̃2
P + m̃2

P
− m̃2

P − m̃2
P

= 0, (10)

m̃2
uc
B,C

= m̃2
P + m̃2

P1
− m̃2

P −
2

3
m̃2

P1
−

1

3
m̃2

P2
=

m̃2
P1
− m̃2

P2

3
, (11)

m̃2
QA,u

c
A

= m̃2
P + m̃2

P2
− m̃2

P −
2

3
m̃2

P2
−

1

3
m̃2

P1
=

m̃2
P2
− m̃2

P1

3
= − m̃2

uc
B,C

. (12)
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Top Sector (Continued)

An example spectrum
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ΛQCD
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Quirk Signals (Continue)

Quirk masses are excluded up to ∼ 700 GeV for ω > ∆ cases:
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Squirk Signals (Continue)
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