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Natural Unnatural (“Split”)
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Natural Unnatural 

We simply don’t know!

m̃� vm̃ � v
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mh = 124� 126 GeV
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 messenger scale 
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mQ3 = mU3 = mt̃

� =
� lnmh

� ln p

David Pinner, Josh Ruderman, 
LJH    1112.2703

� > 100 The MSSM is fine-tuned
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+ mh � 125 GeV but still puzzling

No superpartner signals at LHC-
- No WIMP signals at Xenon100

Natural Weak Scale1980
... ...

2013 ....

Leave no stone unturned 
at LHC for Natural Susy

- 3 WIMP events at CDMS
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BUT HIDDEN
ASSUMPTION 4.    LSP reached thermal equilibrium
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is a very likely LSP candidate

Can be avoided in special cases

m3/2

m̃ ⇠ MMess
MPl

G̃

Generic 
result:
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The Hidden Assumption is Big

If gravitinos are the CDM they are too weakly 
interacting to reach thermal equilibrium

and did not Freeze-Out.

4.    LSP reached thermal equilibrium

Gravitino LSP is quite typical

The argument for TeV superpartners from DM
has a huge loop-hole!



Cosmological Gravitino Production

Several processes contribute

Claim that Gravitino DM also points 
to TeV scale superpartners

LJH, Josh Ruderman, Tomer Volansky
arXiv: 1302.2620
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FIG. 1: The cosmologically allowed region in the (m3/2, m̃) plane, for a single scale SUSY with an LSP adhering to assumptions
(i)-(iv-B) discussed in the text. The gravitinos are (are not) thermalized to the left (right) of the orange dashed line (assuming
TR = m̃). Even when TR is as low as m̃, gravitinos provide too much dark matter in the red region, which has borders labelled
by the relevant process Th, FI or FO. As TR is increased the overclosed region becomes larger, as illustrated by the dashed
blue lines, because UV scattering at TR produces more gravitinos than freeze-in. At the edge of the red region (suitably
enlarged for TR > m̃) gravitinos provide the observed dark matter. In the region to the right of the slanted black dashed line
the gravitino is not the LSP; this is the conventional WIMP LSP freeze-out region, with a limit of 2.3 TeV for a wino LSP.
The green region is excluded by the e↵ects of late decays of LOSPs to gravitinos during big bang nucleosynthesis (BBN) [18];
light green shading corresponds to a neutral LOSP with 100% hadronic BR, and dark green shading to a neutral LOSP
with 1% hadronic BR and 99% electromagnetic BR. The BBN limits when the gravitino is not the LSP are model dependent
and are not shown [19]. The purple region next to the “Th” contour is excluded as the gravitino component of dark matter is
too warm [20]. The gray shading (and corresponding gray dashed and dotted lines) shows the regions with g2susy > 10 (3, 1),
which are excluded as described in the text.

ter, however, we take a di↵erent approach and derive the

cosmological bound on the superpartner mass scale for a

gravitino LSP. We find this bound to be strong, so that
under the quite mild assumptions of (i), (ii), (iii) and
(iv-A) or (iv-B), supersymmetry, if it exists, must be in
the (multi-) TeV domain. We also derive bounds for the
split spectrum case and scenarios where the LOSP does
not predominantly decay to the gravitino.

SINGLE SCALE SUSY. In this section we take all su-
perpartners of the observable sector to be characterized
by a single mass scale, m̃, and leave the case of a non-
degenerate spectrum to the next sections. Our aim is to
derive a general bound on the scale m̃ from overproduc-
tion of gravitinos. We ignore other possible components
to DM since they would only strengthen the bound. A
key superpartner is the LOSP, since it undergoes freeze-
out. We allow a very wide variation in the (m3/2, m̃, TR)
space.

The upper bound on m̃ follows from the three as-
sumptions (i), (ii) and (iii). Assumption (ii) implies
that the observable sector produces gravitinos from three
sources: gaugino scattering at TR [9–11], Y UV

3/2 , gravitino
“freeze-in” from decays of visible sector superpartners

at T ⇠ m̃ [12, 13], Y FI
3/2 , and LOSP freeze-out and de-

cay [14], Y

FO
3/2 . For su�ciently small m3/2, the grav-

itinos are in thermal equilibrium when T = m̃; in this
case Y

UV
3/2 + Y

FI
3/2 are replaced by a thermal abundance,

and Y

FO
3/2 may be neglected. Below, in accordance with

assumption (iv-B), we assume the LOSP branching ra-
tio to the gravitino is O(1). In the final section we
discuss how our bound is weakened when this assump-
tion is relaxed. Gravitinos may also be produced from
other sectors or they may arise from an initial condi-
tion [15, 16]. However, these additional sources of grav-
itinos only strengthen our bound, and to be conservative
we ignore them.
If gravitinos do not thermalize, the condition that they

not yield too large a DM abundance is

CUV
TRm̃

2

m3/2
+ CFI

m̃

3

m3/2
+ CFO

m̃m3/2

↵

2
e↵

 aMPlTeq ,

(2)
where a = 0.27 and ↵e↵ is now the coupling relevant for
LOSP annihilation. The three terms labelled UV, FI and
FO correspond to scattering at TR, freeze-in and freeze-
out and decay and occur with rate constants CUV =

LJH, Josh Ruderman, Tomer Volansky   arXiv: 1302.2620
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FIG. 3: Left: Bounds in the (m3/2, m̃nc) plane for colored (non-colored) superpartners with mass m̃c (m̃nc). The importance
of freeze-in as mc/mnc is raised from 1 to 10 is seen by comparing the orange and blue lines. The solid and dashed lines show
the e↵ect of increasing TR by 100. Center: Similar to the left panel, the changes to the bound of Fig. 1 is shown for the case of
split-SUSY, where the scalar superpartner masses, m̃s, are raised above the fermionic superpartner masses, m̃f . Right: The
overclosure bound in the (m̃s, m̃f ) plane is shown for the split-SUSY case, where the gravitino mass has been chosen at each
point to maximize the allowed region. For split-SUSY TR = m̃s. In all panels the green shading is as in Fig. 1.

and is suppressed compared to the degenerate case by
n

+
FI/nFI , where n

+
FI is the number of these heavy super-

partners. The scattering process, dominated by gluino
scattering, is proportional to the square of the gluino
mass, M2

3 . Finally, the freeze-out abundance is propor-
tional to the LOSP mass, m̃�, with h�vi = 4⇡↵2

e↵/m̃
2
�,

so that Eq. (2) becomes

CUV
TRM

2
3

m3/2
+

CFIn
+
FI

nFI

m̃

3
+

m3/2
+CFO

m̃�m3/2

↵

2
e↵

 aMPlTeq.

(5)
While pure FO of Eq. (1) bounds mLSP , with a gravitino
LSP the bound depends on themLOSP ,M3, and the mass
dominating FI.

As a simple example, on the left of Fig. 3 we show the
bound that results by taking all colored states at m̃c =
m̃+ and all non-colored states at m̃nc = m̃�, assuming all
superpartners are reheated. As can be seen, the bound
on m̃nc becomes much more stringent as m̃c is raised,
being reduced to 7 TeV for m̃c/m̃nc = 10. Much of the
allowed regions in Figs. 1, 2-Left and 3-Left are within
the LHC reach.
SPLIT SUSY. In the split-SUSY scenario [7], where the
scalar superpartner mass, m̃s, becomes much larger than
the fermionic superpartner mass, m̃f , a bound on m̃f ,
with a gravitino LSP, was discussed in [23]. The freeze-
in process dominates over the scattering process as long
as TR > m̃s [23, 24]. Using Eq. (5), with m̃s = m̃+

and m̃f = m̃�, yields the bound on m̃f shown in the
center panel of Fig. 3 for various values of m̃s/m̃f . To
compute the bound, the split-SUSY 1-loop RGEs were
used [25, 26]. The bound on m̃s is in the region of 100
TeV, as shown in the right panel of Fig. 3, and hence
arbitrary flavor and CP violation in the squark mass ma-

trix requires TR < m̃s. Finally, we note that if TR is
indeed below m̃s a bound on m̃f may still be obtained,
and is similar to that shown in Fig. 1 up to O(1) cor-
rections stemming from the absence of some diagrams in
the finite-temperature thermal production of the graviti-
nos [9].
The non-degeneracies explored in the left and center

panels of Fig. 3 lead to similar bounds, and forbid large
splittings between the light and heavy states (assuming
that both are reheated). Indeed, as the splittings in-
crease, the BBN bounds rapidly become very constrain-
ing.
RELAXING ASSUMPTION (iv-B). We now con-
sider how the bound on superparticle masses is relaxed
in theories that violate assumption (iv-B).
LOSP freeze-out and decay may not produce a sig-

nificant yield of LSP gravitinos, depleting Y

FO
3/2 . This

occurs, for example, if the LOSP dominantly decays
through R-parity violating (RPV) operators, which can
still be consistent with gravitino DM for su�ciently small
RPV [27, 28]. Alternatively, the LOSP may dominantly
decay to a light hidden sector, which, if thermalized, may
not produce significant gravitinos due to its lighter mass
scale. A third possibility is that the LOSP is colored, in
which case a late annihilation stage, after the QCD phase
transition, can dilute the abundance of R-hadrons [29, 30]
before the LOSP decays to gravitinos. In these cases, a
bound on m̃ results from dropping the FO term and is
shown on the right of Fig. 2. The maximal m̃ occurs at
m3/2 = m̃, when Eq. (2) gives

m̃

2  a

CD
TeqMpl . (103 TeV)2. (6)

The numerical value above was obtained for TR = m̃.

Non-Degenerate Susy Spectrum

LJH, Josh Ruderman, Tomer 
Volansky   arXiv: 1302.2620
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FIG. 3: Left: Bounds in the (m3/2, m̃nc) plane for colored (non-colored) superpartners with mass m̃c (m̃nc). The importance
of freeze-in as mc/mnc is raised from 1 to 10 is seen by comparing the orange and blue lines. The solid and dashed lines show
the e↵ect of increasing TR by 100. Center: Similar to the left panel, the changes to the bound of Fig. 1 is shown for the case of
split-SUSY, where the scalar superpartner masses, m̃s, are raised above the fermionic superpartner masses, m̃f . Right: The
overclosure bound in the (m̃s, m̃f ) plane is shown for the split-SUSY case, where the gravitino mass has been chosen at each
point to maximize the allowed region. For split-SUSY TR = m̃s. In all panels the green shading is as in Fig. 1.
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dominating FI.

As a simple example, on the left of Fig. 3 we show the
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Split Susy:

LJH, Josh Ruderman, Tomer Volansky   arXiv: 1302.2620
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Spread Supersymmetry

Dark Matter is the LSP

125 GeV Higgs is “effortless”
Seek a scheme where:

LHC susy constraints “effortless”

Giudice, Luty, Murayama, 
Rattazzi   hep-ph/9810442 

mass [TeV]

1

103

106

h̃

W̃
B̃
g̃

G̃

q̃, !̃, H0,±, A

Ωh̃ = ΩDM

mass [TeV]

1

103

106

W̃
B̃

g̃

h̃, G̃

q̃, !̃, H0,±, A

ΩW̃ = ΩDM

Figure 1: Two versions of the Spread Supersymmetry spectrum, with the Higgsino LSP (left)
and the wino LSP (right).

unknown coefficient of order unity that is not displayed. The coefficient of the last term could

be suppressed due to an approximate Peccei-Quinn (PQ) symmetry.

The gauginos and Higgsinos acquire masses from higher order effects in FX/M2
∗ or through

R symmetry breaking necessary to suppress the cosmological constant in supergravity.1 This

yields a spectrum for superpartners that spans some range. Since m̃ scans in the multiverse, the

forbidden window in the LOSP mass from the TeV scale to TR will force either the LOSP to be

heavier than TR or to be in the TeV domain. The former simply gives a perturbation of High

Scale Supersymmetry, but the latter leads to Spread Supersymmetry.

The spread spectrum we have in mind is illustrated in Fig. 1. The gravitino mass m3/2 =

FX/
√
3MPl ≡ ε∗m̃ breaks R symmetry and anomaly mediation leads to gaugino masses of order

m3/2/16π2, so that the gauginos are lighter than the squarks and sleptons by a factor ε∗/16π2.

(ε∗ ≡ M∗/
√
3MPl is typically smaller than 1.) The only remaining question is the mass of

the Higgsinos, which is model dependent. Two versions of the spread spectrum are shown in

Fig. 1. In the left panel the Higgsino masses arise from a one-loop radiative correction form

virtual gauginos and Higgs bosons. In the right panel the Higgsino masses are of order the

1We assume that the supersymmetry preserving vacuum expectation value 〈X〉 is sufficiently small that
contributions to gaugino and Higgsino masses from operators involving X†X are negligible.
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Figure 6: Contours of the gluino decay length cτg̃ and the wino relic abundance ΩW̃h2, as well as
the constraint from the Fermi photon observation and future prospect for the AMS-02 antiproton
search, are shown in theM∗-

√
FX (or r∗-m3/2) plane for various values of the reheating temperature

TR. Contours of the gluino and wino masses Mg̃,W̃ and the degenerate squark mass m̃ are also
shown in the top left panel. The value of L has been chosen such that MW̃ is maximized, keeping
the wino LSP; numerically, L # 3m3/2.
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current uncertainty coming from the propagation and dark matter halo models. After the AMS-02
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100 [45]. Actually, depending on the propagation parameters, the current antiproton measurement

by the PAMELA Collaboration [46] can give a constraint stronger than that of Fermi. The AMS-

02 experiment has great advantages not only for measurements of antiprotons but also for other

secondary-to-primary ratios such as boron-to-carbon (B/C). High precision measurements of such

quantities allow the propagation parameters to be estimated with higher accuracy, drastically

reducing the astrophysical uncertainties of the antiproton flux [47]. Hence, AMS-02 will be one of

the strongest probes of Spread Supersymmetry.

To estimate the sensitivity of the AMS-02 antiproton search, we have used the programs

DRAGON [48] and DarkSUSY [49], to calculate the antiproton fluxes from astrophysical backgrounds

and dark matter annihilations. We adopt the value of the acceptance and systematic errors of

Ref. [50]. Here we assume the systematic errors come from residual backgrounds, whose rate is

1 –10 % of the antiproton signals. For the astrophysical background flux, we use the propaga-

tion model KRA of Ref. [45], and we simply assume that uncertainties of the background can

be controlled with δzt = 1 kpc, where zt is the vertical size of the diffusion zone. This size of

the uncertainty will be reasonable after precise measurement of AMS-02 [47]. Since the propaga-

tion parameters and the dark matter halo model are not determined well so far, we study some

combinations of propagation models (KRA as well as MIN, MED and MAX models in Ref. [51])

and dark matter profiles (NFW and isothermal). We set the local dark matter energy density
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Gluino Pheno

Figure 10: Summary of the gluino decay phenomenology as a function of the gluino mass and the
scalar mass scale. We have assumed that for displaced gluinos 100 µm  c⌧  10 m.

4 Mini-Split Phenomenology

If there are no light scalars apart from the Higgs, searching for evidence of supersymmetry at the
LHC becomes more challenging but is far from impossible. Of course, the most promising signal
is the dimension-6 gluino decay through o↵-shell scalars to the lightest neutralino state. The
lifetime for such a decay can easily vary from a few femtoseconds to Hubble scales as can be seen
from Fig. 10 [30]. The collider signals for such a decay have been studied extensively [31, 32] and
there are already bounds for gluinos in Split [33, 34, 35, 36] which place their mass above 1 TeV.
In addition, as already discussed, taking into account the given Higgs mass and gauge coupling
unification, we can infer that the scalar masses in Split scenarios have to lie below 105 TeV. This
means that the gluino lifetime is now generically less than ⇠ 10�8 sec, and gluinos, when produced
at the LHC, will give rise to displaced vertices or prompt decays unless the scalars are above 104

TeV. This makes the search strategies for gluinos in Split more in tune with ordinary gluino SUSY
searches.

If the gluino is the ordinary LSP, it instead decays directly to e.g. a gravitino and a gluon.
Its decay still gives rise to interesting phenomenology [30], athough the connection between the
gluino lifetime and the scalar masses is lost, and current bounds place its mass above 1 TeV.

Finally, gluino searches may be supplemented or even supplanted, in cases where the gluino
is out of LHC reach, by searches targeting the remaining gauginos or higgsinos. In this case the
optimal LHC search strategy depends on the detailed spectrum. The discovery prospects for a
light bino with no other accessible states are fairly hopeless, but pure electroweak production of
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The lifetime for such a decay can be quite long, with

c⌧ ⇡ 10�5m
⇣ mq̃

PeV

⌘4
✓
TeV

mg̃

◆5

. (9)

This leads to an interesting immediate observation: the fact that gluinos decay at all

inside the detector will imply a scale within a few orders of magnitude of the gluino mass

scale. Moreover, if the gluino decays promptly, without any displacement, we will already

know that the scalar mass scale is at an energy scale ⇠< 100 TeV, that is at least conceivably

accessible to future accelerators.

While this signal places an upper bound on the next mass scale, there are signals that

can simultaneously place a quick lower bound. In particular, it is possible to imagine that

large flavor violation in the scalar sector could produce clear flavor violation in the gluino

decays (e.g., g̃ ! t̄c). If so, closing the loop generates sizable flavor violating four-fermi

operators ↵2
sq

4/M2
scalar. Even for CP conserving processes, constraints push this scale to [72]

⇠ 103 TeV (⇠ 104 TeV if CP is violated). A combination of a lack of displaced vertices and

large flavor violation in gluino decays could quite narrowly place the next scale of physics,

without ever having observed a single particle close to the heavy scale.

The quark line above can be closed to yield a chromomagnetic dipole operator as well

g3
3

16⇡2

mg̃

m2
q̃

log(mq̃/mg̃)g̃
i
j�

µ⌫ b̃Gj
iµ⌫ . (10)

Such an operator will produce dijet + MET signals, but because their rate is suppressed

by a loop factor, they should be lost in the overall four jet + MET signals of the o↵-shell

21

gluinos (or 3 TeV gluinos for ten times that data). In some cases, the decay g̃ ! t̄bW̃+ will

occur, followed by W̃+ ! W+B̃0. Note that this final state is very similar (topologically)

to the direct decay g̃ ! t̄tB̃0.

Let us consider the possibility that the bottom of the spectrum is reversed and wino

is the LSP. Essentially all the decays should proceed via Higgs emission (if kinematically

available). I.e., the decay g̃ ! t̄tB̃0 will be followed by B̃0 ! W̃h. In contrast, direct decays

to charged winos will proceed g̃ ! t̄bW̃�, with the chargino proceeding to decay into W̃ 0

producing a disappearing track.

Thus, for the mW̃ > mB̃ case, the final states are 4t+ MET, as well 2t2b2W+ MET,

and 4t2h + MET. For the mB̃ > mW̃ case the final states are 4t+MET, 4t2h+MET and

2t2b+MET. It is clear from this list that distinguishing these cases will be nontrivial. How-

ever, the W from the chargino decay should be distinguishable from one that came from

top decay, while the direct decay to b should produce a spectrum of b quarks which are in

principle distinct from those from top decay. And, of course, the presence of the classic

disappearing track signature, once seen, would be a clear sign of the wino LSP.

B. Gluino Decays and Stop Naturalness

One of the key features of an unnatural theory is that the LR soft masses should be

negligible. Even with large A and µ, these terms are also proportional to the Higgs vev,

and are thus naturally ⇠ 104 times smaller than the soft mass-squared terms. This impacts

gluino decays in an interesting way.

In more detail, the gluino decay operators are

g2
⇤2

tl

g̃bLt̄LW̃� g2
⇤2

tl

g̃tLt̄LW̃ 0 g1
⇤2

tl

g̃tLt̄LB̃0 (14)

g1
⇤2

tl

g̃bLb̄LB̃0 g1
⇤2

tr

g̃tRt̄RB̃0 g1
⇤2

br

g̃bRb̄RB̃0

Where ⇤�2
tl

=
P

g3UL
i3m̃

�2
l,i , ⇤�2

tr = g3
P

U tr
i3 m̃�2

tr,i, and ⇤�2
br

= g3
P

U br
i3 m̃�2

br,i are the

weighted mass-squared where the matrix U transforms between the flavor basis and the

mass basis.

The key observation here is that we have five distinct decay modes into heavy flavor,

g̃ ! t̄tW̃ 0, g̃ ! b̄bW̃ 0, g̃ ! t̄bW̃+, g̃ ! t̄tB̃0 and g̃ ! b̄bB̃0. In contrast, we have only three
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This leads to an interesting immediate observation: the fact that gluinos decay at all

inside the detector will imply a scale within a few orders of magnitude of the gluino mass

scale. Moreover, if the gluino decays promptly, without any displacement, we will already

know that the scalar mass scale is at an energy scale ⇠< 100 TeV, that is at least conceivably

accessible to future accelerators.

While this signal places an upper bound on the next mass scale, there are signals that

can simultaneously place a quick lower bound. In particular, it is possible to imagine that

large flavor violation in the scalar sector could produce clear flavor violation in the gluino

decays (e.g., g̃ ! t̄c). If so, closing the loop generates sizable flavor violating four-fermi

operators ↵2
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scalar. Even for CP conserving processes, constraints push this scale to [72]

⇠ 103 TeV (⇠ 104 TeV if CP is violated). A combination of a lack of displaced vertices and

large flavor violation in gluino decays could quite narrowly place the next scale of physics,

without ever having observed a single particle close to the heavy scale.

The quark line above can be closed to yield a chromomagnetic dipole operator as well
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Such an operator will produce dijet + MET signals, but because their rate is suppressed

by a loop factor, they should be lost in the overall four jet + MET signals of the o↵-shell
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winos this could be observable. Note that the dimension six operator can only contribute

to W̃0 ! B̃Z but not to W̃0 ! B̃�, while the dipole operator gives both. The pure

dipole predicts a ratio of the photon to Z final states of just sin2 ✓W/ cos2 ✓W ⇠ 1/3. A

measurement of this could establish the dipole operator as the source of the wino decay,

and would show that the Higgsinos are heavy enough for the dimension six operator to be

negligible. Alternately, a deviation from this ratio would tell us that the Higgsino is heavy,

but lighter than ⇠ 10 TeV.

Having enumerated the decay possibilities, let us now consider the signatures of gluino

production and decay at the LHC. Let us assume a non-squeezed spectrum with mg̃ >

mW̃ > mB̃. This o↵ers the possibility of spectacular processes. If the stops are the lightest

colored scalars, we have the signal of t+t�t+t�B̃B̃ final states, which yields four tops +

MET, where the stops are potentially produced from displaced vertices (if the scalar scale is

high enough, or the spectrum is adequately squeezed). More striking is if the decay proceeds

g̃ ! t+t�W̃ 0, with W̃ 0 ! B̃h. In such a case we could find final states with 8 b’s, four W±

and significant MET (and again, possibly displaced vertices). Such a process would have

e↵ectively zero background, making the only question for this scenario whether gluinos are

produced at all. At 14 TeV and 300 fb�1, we estimate approximately 5 events for ⇠ 2.5 TeV
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The lifetime for such a decay can be quite long, with
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This leads to an interesting immediate observation: the fact that gluinos decay at all

inside the detector will imply a scale within a few orders of magnitude of the gluino mass

scale. Moreover, if the gluino decays promptly, without any displacement, we will already

know that the scalar mass scale is at an energy scale ⇠< 100 TeV, that is at least conceivably

accessible to future accelerators.

While this signal places an upper bound on the next mass scale, there are signals that

can simultaneously place a quick lower bound. In particular, it is possible to imagine that

large flavor violation in the scalar sector could produce clear flavor violation in the gluino

decays (e.g., g̃ ! t̄c). If so, closing the loop generates sizable flavor violating four-fermi

operators ↵2
sq

4/M2
scalar. Even for CP conserving processes, constraints push this scale to [72]

⇠ 103 TeV (⇠ 104 TeV if CP is violated). A combination of a lack of displaced vertices and

large flavor violation in gluino decays could quite narrowly place the next scale of physics,

without ever having observed a single particle close to the heavy scale.

The quark line above can be closed to yield a chromomagnetic dipole operator as well

g3
3

16⇡2

mg̃

m2
q̃

log(mq̃/mg̃)g̃
i
j�

µ⌫ b̃Gj
iµ⌫ . (10)

Such an operator will produce dijet + MET signals, but because their rate is suppressed

by a loop factor, they should be lost in the overall four jet + MET signals of the o↵-shell
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gluinos (or 3 TeV gluinos for ten times that data). In some cases, the decay g̃ ! t̄bW̃+ will

occur, followed by W̃+ ! W+B̃0. Note that this final state is very similar (topologically)

to the direct decay g̃ ! t̄tB̃0.

Let us consider the possibility that the bottom of the spectrum is reversed and wino

is the LSP. Essentially all the decays should proceed via Higgs emission (if kinematically

available). I.e., the decay g̃ ! t̄tB̃0 will be followed by B̃0 ! W̃h. In contrast, direct decays

to charged winos will proceed g̃ ! t̄bW̃�, with the chargino proceeding to decay into W̃ 0

producing a disappearing track.

Thus, for the mW̃ > mB̃ case, the final states are 4t+ MET, as well 2t2b2W+ MET,

and 4t2h + MET. For the mB̃ > mW̃ case the final states are 4t+MET, 4t2h+MET and

2t2b+MET. It is clear from this list that distinguishing these cases will be nontrivial. How-

ever, the W from the chargino decay should be distinguishable from one that came from

top decay, while the direct decay to b should produce a spectrum of b quarks which are in

principle distinct from those from top decay. And, of course, the presence of the classic

disappearing track signature, once seen, would be a clear sign of the wino LSP.

B. Gluino Decays and Stop Naturalness

One of the key features of an unnatural theory is that the LR soft masses should be

negligible. Even with large A and µ, these terms are also proportional to the Higgs vev,

and are thus naturally ⇠ 104 times smaller than the soft mass-squared terms. This impacts

gluino decays in an interesting way.

In more detail, the gluino decay operators are
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The key observation here is that we have five distinct decay modes into heavy flavor,

g̃ ! t̄tW̃ 0, g̃ ! b̄bW̃ 0, g̃ ! t̄bW̃+, g̃ ! t̄tB̃0 and g̃ ! b̄bB̃0. In contrast, we have only three
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winos this could be observable. Note that the dimension six operator can only contribute

to W̃0 ! B̃Z but not to W̃0 ! B̃�, while the dipole operator gives both. The pure

dipole predicts a ratio of the photon to Z final states of just sin2 ✓W/ cos2 ✓W ⇠ 1/3. A

measurement of this could establish the dipole operator as the source of the wino decay,

and would show that the Higgsinos are heavy enough for the dimension six operator to be

negligible. Alternately, a deviation from this ratio would tell us that the Higgsino is heavy,

but lighter than ⇠ 10 TeV.

Having enumerated the decay possibilities, let us now consider the signatures of gluino

production and decay at the LHC. Let us assume a non-squeezed spectrum with mg̃ >

mW̃ > mB̃. This o↵ers the possibility of spectacular processes. If the stops are the lightest

colored scalars, we have the signal of t+t�t+t�B̃B̃ final states, which yields four tops +

MET, where the stops are potentially produced from displaced vertices (if the scalar scale is

high enough, or the spectrum is adequately squeezed). More striking is if the decay proceeds

g̃ ! t+t�W̃ 0, with W̃ 0 ! B̃h. In such a case we could find final states with 8 b’s, four W±

and significant MET (and again, possibly displaced vertices). Such a process would have

e↵ectively zero background, making the only question for this scenario whether gluinos are

produced at all. At 14 TeV and 300 fb�1, we estimate approximately 5 events for ⇠ 2.5 TeV
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q̃, ũ, d̃



Figure 12: Contours of �h!��/�SM
h!�� in the higgsino-wino mass plane for µm�2 < 0 (left) and

µm�2 > 0 (right) with tan � = 1. The dashed contours denote the lightest chargino mass in GeV.
The purple-shaded region indicates the LEP2 exclusion of charginos lighter than ⇠ 100 GeV.

tan � = 1. The deviation from the SM result is between �40% and +20% once the bounds on the
lightest chargino from LEP2 are taken into account.

Thus the properties of the Higgs in Split SUSY are the same as in the SM, unless both charginos
are very light and tan � is close to unity. In this case only the branching ratio to �� is significantly
a↵ected. If only the Higgs coupling to photons is found to di↵er from its SM value, Split SUSY
models predict charginos within reach at the LHC.

5 Conclusions

The continued absence of any new particles at the LHC diminishes the connection between the
electroweak scale and new physics and points to a fine-tuned theory. The only evidence we have
for low-scale supersymmetry is gauge coupling unification. This, together with the measured
higgs mass, makes a case for Split SUSY with scalars below 105 TeV. If the flavor problem is not
addressed, FCNCs force the scalars to be above a few thousand TeV. At the same time, unification
requires the higgsinos to be light, in which case EWSB occurs only when m2

Hu
> 0. Therefore in

any Split model either the flavor problem or the tachyon problem must be solved.

Gauginos and higgsinos may be within the reach of the LHC, giving rise to displaced gluino
signatures as well as cascade decays between the neutralinos and charginos through W, Z, and

22
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With m2
ij/m

2
sc ⇠ O(1), tan � ⇠ O(1), and µ ⇠ mg̃ ⇠ msc, this gives a correction to all up

Yukawa couplings of order ⇠ 10�2, vastly larger than observed.

It is interesting that with our minimally split spectrum, with µ ⇠ msc and mg̃ ⇠ 10�2msc,

this correction is roughly of the order of the up quark Yukawa coupling. The up quark mass

can plausibly arise from this “SUSY slop”. Note that the analogous “slop” can not be

significant for the down and electron Yukawa couplings since the correction are / �b,⌧ tan

�, and for the moderate tan� we are forced to have, the corrections are about 10�2 of the

observed values.

More generally, supersymmetric theories with a split spectrum allow us to re-open the

idea of a radiatively generated hierarchy for Yukawa couplings. The central challenge to

building such theories of flavor is the following: the chiral symmetries protecting the gener-

ation of Yukawa couplings must obviously be broken, but then what forces the Yukawas to

only be generated at higher loop orders [58, 59]? Supersymmetry o↵ers the perfect solution

to this problem, since the chiral symmetries can be broken in the Kähler potential, while

holomorphy can prevent these breaking to be transmitted to Yukawa couplings in the super-

potential. The chiral symmetry breaking is only transmitted to generate Yukawa couplings,

radiatively, after SUSY breaking [60]. Unfortunately, it is extremely di�cult to realize this

idea in a simple way, with a natural supersymmetric spectrum; the flavor violations needed

in the soft terms are large, and would lead to huge flavor-changing neutral currents. But in

our new picture this is no longer the case: Yukawa couplings are dimensionless and can be

generated at any scale, while the FCNC’s decouple as the scalars are made heavy.

17

Qi g̃
uc

j

Q̃i Ũj
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Nuclear EDMs

4

For the chosen normalization parameters, this is signif-
icantly below the current constraint of |de| . 1.05 ⇥
10�27 e cm [14], unless tan � is particularly large. Notice
also that the 1-loop bino-slepton EDM diagram does not
receive a logarithmic enhancement. The technical rea-
son for the log-enhancements of the CEDMs at one loop
can be traced to the fact that the gluino carries a color
charge, and more precisely to the part of the gluino prop-
agator given by taGa

µ⌫�µ⌫M3/(p2 � M2
3 )2 in an external

field; the corresponding term in the bino propagator is
absent due to its neutrality. A similar log-enhancement
does appear in the chargino-slepton loop, but given that
one of the vertices is proportional to the Yukawa coupling
of the external fermion, such diagrams are subleading as
they do not recieve the m⌧/me enhancement due to large
LR mixing.

If we fix the mixings in the u-, d-, and e-sectors to
✓2u,d,e = 1/3 as well as the gaugino masses to M1,3 =

1 TeV, we can calculate the (C)EDMs d̃u,d, de as func-
tions of tan � and ⇤SUSY. In Fig. 2, we show contours of
constant �mq and d̃u,d, varying tan � and ⇤SUSY. We see
that the EDM limits probe scales of O(0.1) PeV or even
higher in this scenario. The corresponding contour for de
is similar in shape to that for d̃d, and using the current
limit from the bound on the EDM of YbF [14], is sen-
sitive to scales of O(30) TeV with the same parameters.

Finally, we will comment briefly on the contribution of
two-loop Barr-Zee-type diagrams with a closed chargino
loop attached to the quark lines by a virtual h� pair
[16]. For the scenarios we are considering, these dia-
grams constitute a small correction (although they can
be important in scenarios where the h ! �� rate is in-
creased through CP-violating interactions [17]). In fact,
while these corrections are small for case 1, they are tiny
for case 2. Although they have a milder decoupling with
⇤SUSY, d2�loop BZ

i / 1/µ ⇠ 1/⇤SUSY, they do not re-
ceive the corresponding mass enhancement by mt/mu,
i.e. d2�loop BZ

i ⇠ mi, which renders them subdominant
over the full range of ⇤SUSY that is of interest here.

3. FLAVOR-VIOLATING OBSERVABLES

In contrast to EDMs, most flavor-violating observables
arise in the down-type fermion sector and so cannot ac-
cess the large mt/mu enhancement from generic flavor
mixing at the sfermion scale. Nonetheless, dipole transi-
tions can still be important, particularly for large tan �.
Observables which do not require a chirality flip are again
comparatively weaker in this scenario, but we still find
that ✏K provides the best sensitivity in the 1-2–sector,
albeit only probing slightly higher scales than EDMs.
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FIG. 2. Contours of �mu = 1MeV and �md = 2MeV (blue,
dashed) and d̃q = 6 ⇥ 10�27 cm for q = u, d (red, solid) are
shown, with ✓2q13 = 1/3, M3 = 1 TeV, and sin�q̃µ = 1/

p
2. If

the limit |d̃u� d̃d| . 6⇥10�27 cm from the mercury EDM [11]
is interpreted as a limit on d̃u(✓ũµ) and d̃d(✓d̃µ) independently,
given the distinct CP phases, then the shaded region to the
left of each contour is ruled out. For comparison, we have
shown the region of parameter space consistent at 2� with
a Higgs mass mh = 125.7 ± 0.8 GeV [1] and the top mass
fixed to mt = 173.5 GeV (green, inner band) and with mt in
the range 173.5± 1 GeV (yellow, outer band). (The one-loop
leading-log corrections [15] to the Higgs mass are used here;
two-loop corrections tend to lower the band to slightly smaller
values of tan�, see, e.g., [2].)

A. Kaon mixing and ✏K

As always, limits from K0 � K
0

mixing are extremely
important, in particular the constraint from indirect CP-
violation in neutral kaon decay. For case 1, ✏K takes the
form [18]

✏SUSY
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ImhK0 |HSUSY|K0ip
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(17)

assuming that the K0�K
0

mass di↵erence is dominantly
accounted for by the SM. For case 2, the coe�cient 0.15
is replaced by 0.30 in the above expression. If all of the
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limit from the bound on the EDM of YbF [14], is sen-
sitive to scales of O(30) TeV with the same parameters.

Finally, we will comment briefly on the contribution of
two-loop Barr-Zee-type diagrams with a closed chargino
loop attached to the quark lines by a virtual h� pair
[16]. For the scenarios we are considering, these dia-
grams constitute a small correction (although they can
be important in scenarios where the h ! �� rate is in-
creased through CP-violating interactions [17]). In fact,
while these corrections are small for case 1, they are tiny
for case 2. Although they have a milder decoupling with
⇤SUSY, d2�loop BZ

i / 1/µ ⇠ 1/⇤SUSY, they do not re-
ceive the corresponding mass enhancement by mt/mu,
i.e. d2�loop BZ

i ⇠ mi, which renders them subdominant
over the full range of ⇤SUSY that is of interest here.

3. FLAVOR-VIOLATING OBSERVABLES

In contrast to EDMs, most flavor-violating observables
arise in the down-type fermion sector and so cannot ac-
cess the large mt/mu enhancement from generic flavor
mixing at the sfermion scale. Nonetheless, dipole transi-
tions can still be important, particularly for large tan �.
Observables which do not require a chirality flip are again
comparatively weaker in this scenario, but we still find
that ✏K provides the best sensitivity in the 1-2–sector,
albeit only probing slightly higher scales than EDMs.
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FIG. 2. Contours of �mu = 1MeV and �md = 2MeV (blue,
dashed) and d̃q = 6 ⇥ 10�27 cm for q = u, d (red, solid) are
shown, with ✓2q13 = 1/3, M3 = 1 TeV, and sin�q̃µ = 1/

p
2. If

the limit |d̃u� d̃d| . 6⇥10�27 cm from the mercury EDM [11]
is interpreted as a limit on d̃u(✓ũµ) and d̃d(✓d̃µ) independently,
given the distinct CP phases, then the shaded region to the
left of each contour is ruled out. For comparison, we have
shown the region of parameter space consistent at 2� with
a Higgs mass mh = 125.7 ± 0.8 GeV [1] and the top mass
fixed to mt = 173.5 GeV (green, inner band) and with mt in
the range 173.5± 1 GeV (yellow, outer band). (The one-loop
leading-log corrections [15] to the Higgs mass are used here;
two-loop corrections tend to lower the band to slightly smaller
values of tan�, see, e.g., [2].)

A. Kaon mixing and ✏K

As always, limits from K0 � K
0

mixing are extremely
important, in particular the constraint from indirect CP-
violation in neutral kaon decay. For case 1, ✏K takes the
form [18]

✏SUSY
K =

ImhK0 |HSUSY|K0ip
2�MK
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,

(17)

assuming that the K0�K
0

mass di↵erence is dominantly
accounted for by the SM. For case 2, the coe�cient 0.15
is replaced by 0.30 in the above expression. If all of the

m̃ (TeV)

tan�



P Decay

d=5:   Minimal SU(5) Alive
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Figure 2: One-loop diagrams which yield the baryon-number violating four-Fermi op-
erators. Diagrams (a) and (b) are generated by charged wino and higgsino exchanging
processes, respectively. Gray dots indicate dimension-five effective interactions, while
black dots represent wino or higgsino mass terms.

which yields the dimension-five effective operators,

L5 =

∫

d2θW5 + h.c. . (14)

The effective operators contain sfermions in their external lines. Below the SUSY
breaking scale, MS, these sfermions turn into the SM fermions via the charged wino and
higgsino exchanging processes shown in Fig. 2. In this figure, the gray and black dots
indicate the dimension-five effective interactions and the mass terms for wino or higgsino,
respectively. The first operator in Eq. (13) contributes to the diagram (a), while the
second one induces the diagram (b). Although the contribution of the diagram (b) is
suppressed by the CKM matrix elements as it is generated in the flavor changing process,
it is found to be sizable because of the large Yukawa couplings of the third generation
fermions [11, 58]. The contributions of flavor-conserving neutral gauginos and higgsino
exchange are in general suppressed by the Yukawa couplings of the first generation, thus
negligible. Among them, the gluino contribution might be sizable because of the large
coupling. It turns out, however, that the gluino contribution vanishes in the limit where
squarks are degenerate in mass, and we consider such a case in the following calculation.
When sfermion mass matrices have large flavor mixing, the contributions may also be
significant, though we do not take into account such a situation for simplicity.

After the electroweak symmetry breaking, the charged wino and higgsino are mixed
with each other. In the following calculation, however, we neglect the effect since we
mainly consider the case where M2, µH ! mW with mW the mass of W -boson. When the
masses of wino and higgsino are nearly degenerate, the mixing effects might be significant.
It is straight-forward to modify the formulae obtained below in such a case.
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Figure 3: Lifetime of p → K+ν̄ mode as functions of MS = µH . Wino mass is set to
be 3 TeV and MHC

= 1.0 × 1016 GeV. Solid lines correspond to tan β = 3, 5, 10, 30, and
50 from left-top to right-bottom, respectively. Shaded region is excluded by the current
experimental bound, τ(p → K+ν̄) > 4.0× 1033 yrs [13].

In Fig. 3, we present the lifetime of the p → K+ν̄ mode as functions ofMS = µH . Here,
the wino mass is set to be 3 TeV, while the result scarcely depends on the mass as long as
M2 # MS. The color-triplet Higgs mass is fixed to MHC

= 1.0×1016 GeV. The solid lines
are for tan β = 3, 5, 10, 30, and 50 from left-top to right-bottom, respectively. The shaded
region is excluded by the current experimental bound, τ(p → K+ν̄) > 4.0× 1033 yrs [13].
The figure illustrates the behavior presented in Eq. (19). Moreover, it is found that
the proton decay lifetime in the high-scale SUSY scenario may evade the experimental
constraints, especially for small tanβ and high SUSY breaking scales. We also show a
similar plot for a relatively small value of MHC

in Fig. 4, where the mass is taken to
be 1.0 × 1015 GeV. The wino mass is again set to be M2 = 3 TeV, and the solid lines
correspond to tanβ = 3, 5, 10, and 30 from left-top to right-bottom, respectively. We see
that the relation between the results presented in Figs. 3 and 4 is well explained by the
simple power law in Eq. (19), though the renormalization factors may also be changed
with different values of MHC

. For this reason, we just fix MHC
= 1.0 × 1016 GeV in the

following analysis. One easily read other results with different values of MHC
by using

the relation given in Eq. (19).
Next, we consider the case where the higgsinos are lighter than the sfermions. In

this case, the lifetime depends on the new phases appearing in Eq. (9). Here, we take
the phases so that they yield the maximal amplitude for the proton decay rate, i.e., we
require that each term in Eqs. (48) and (49) be constructive. This requirement together
with the constraint (10) uniquely determines all of the phases ϕi. Since the choice of
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Conclusions

Unnatural Susy:

1.  TeV-scale superpartners are 
well-motivated by DM.

2.  Signals (collider, DM, flavor)
are possible but not guaranteed.



TeV Scale from SUSY Dark Matter
1.   The LSP is cosmologically stable
2. TR � m̃

3.    No Dilution

(Some) Superpartners at TeV Scale
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Spread Susy:  Only Gauginos at TeV Scale

125 GeV Higgs is “effortless”

DM can arise from gravitino decay

DM lighter than for FO
Displaced gluino decays

AMS anti-protons are good probe.

Over-constrained and unique gaugino cascades

Flavor/CP ...



Back-up



Probing the Higgs Coupling
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Simplified Models

Bino-Higgsino LSP:
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Almost excluded?
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Bino-Higgsino LSP

-1000 -500 0 500 1000
1

2

5

10

20

40

m @GeVD

ta
n
b

LEP c-c+

chcc = 0

XENON100

IceCube WW

overclosed ov
er
cl
os
ed



Bino-Higgsino LSP

-1000 -500 0 500 1000
1

2

5

10

20

40

m @GeVD

ta
n
b

LEP c-c+

chcc = 0

LUX

IceCube WW

overclosed ov
er
cl
os
ed



Bino-Higgsino LSP

-1000 -500 0 500 1000
1

2

5

10

20

40

m @GeVD

ta
n
b

LEP c-c+

chcc = 0

XENON1T

IceCube WW

overclosed ov
er
cl
os
ed



Bino-Higgsino LSP

-1000 -500 0 500 1000
1

2

5

10

20

40

m @GeVD

ta
n
b

LEP c-c+

chcc = 0

XENON1T-SI

XENON1T-SD

overclosed ov
er
cl
os
ed



10 20 50 100 200 500 1000 200010-48

10-47

10-46

10-45

10-44

10-43

10-42

mc @GeVD

s
SI
@cm

2 D
SI cross-section for b

éêhé

XENON100

LUX

XENON1T

SuperCDMS

m > 0

m < 0

M1 + sin2b m
M1

< 0.1

Bino-Higgsino LSP

Cliff Cheung, LJH, David Pinner, Josh Ruderman  arXiv: 1211.4873


