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Outline
• SUSY is likely tuned. 

• Moduli and light nonthermal wino DM. 

• Nonthermal wino DM is dead. 

• Cosmologies & anthropic stories.

The latter part of the talk is a sketch of some things I’m 
thinking about but far from having a complete answer 
to. Hopefully it will be thought-provoking even though 
very inconclusive so far.



Natural SUSY, 1984SUSY Spectrum, 1984

Text

Over 3 decades of susy:  seismic shifts!

A historical relic 
(from Lawrence 
Hall’s talk at 
Savasfest). 
!
All the scalars, 
and the Higgs, 
should be at 
the weak scale!

The “anthropic” part of this talk will be: why don’t we live in 
the SUSY universe as envisioned circa 1984?



Natural SUSY?
I’m still playing with scenarios where SUSY could be natural 
but hidden, e.g. with stealth SUSY stop decay chains:STOPS IN STEALTH SUSY

Some notes on the SHu Hd model

Matthew Reece

Department of Physics, Harvard University, Cambridge, MA 02138, USA
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Figure 1: Stop decay.

One step in this project is to understand bounds on squark/higgsino/singlet and gluino/squark/higgsino/singlet
simplified models. The first part of this step is to understand the mass spectrum and decays for just higgsinos and
the singlino/singlet fields. Among the questions we want to answer are:

• What are the branching ratios for H̃ 0
1 ! S̃+Z and H̃ 0

1 ! S̃+h? (Presumably � is suppressed)?

• Does the charged Higgsino decay as H̃±!W ±⇤H̃ 0
1 , or does it prefer to decay to S̃+W ±? The former is phase-

space suppressed and the latter is suppressed by a small coupling. How small does the coupling have to be
for these to be comparable decay widths?

• Then there’s the analogous question about the heavier neutral Higgsino H̃ 0
2 .

1

In stealth SUSY models, the signal of stops might be tops + 
extra jets (possibly with weak bosons). Also 1st, 2nd gen 
squarks: many-jet events, possibly with weak bosons.

(off shell?)

(Limits already exist by recasting: J. Fan, R. Krall, D. Pinner, MR, J. Ruderman, work in progress)

It’s important to rule out these scenarios at colliders and make 
sure we’re not missing something. 
!
But even the best case looks somewhat tuned.



The Higgs looks SM-like
The low-energy theorem tells us stops correct Higgs 
couplings to gluons or photons:
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For light enough stops, can only avoid a big correction via a 
sizable mixing term Xt. Implies tuning of the coupling. 
!
For any pair of physical stop masses, there’s a maximum Xt. 
(On the diagonal, Xt = 0: symmetric matrix with off-diagonal 
term will always have two unequal eigenvalues.) 
!
So: robust bound on light stops.



Stop constraintsSTOP BOUNDS FROM HIGGS

5

10 5

5
5

10

10

10

20

100 200 300 400 500 600 700 800

100

200

300

400

500

600

700

800

mté1@GeVD

m
té 2
@Ge

V
D

Fitting data with light stops 
requires a minimum Xt to 
cancel the correction. Part of 
parameter space is simply 
ruled out because this 
minimum is inconsistent with 
the eigenvalues. More space is 
tuned, either to get the Higgs 
coupling right, or the usual 1-
loop Higgs mass tuning.

Even without direct searches, know stop/Higgs 
tuned by factor ~ 5 or more.

higgs mass tuning
higgs coupling tuning
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J. Fan, MR, not yet published

Impact of NnLO K-factors?

LEFT/RIGHT STOP MIXING VS. 
MASS EIGENVALUES

The difference of two physical stop mass2 eigenvalues is a 
sum of two positive definite quantities:

Thus, anywhere in the                     
plane, there is a largest 
consistent Xt (0 on the diagonal.)
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Largest Consistent Xt
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Dead minimum factor of ~5 tuning, even without using direct 
stop searches, gluino searches, etc. “Stealth” can only help so 
much. Most models much worse.



More likely?
Despite continuing to work on stealth SUSY or other natural 
SUSY scenarios, what I really think now is:

Completely natural SUSY is probably dead. Most of the 
effort is just trying to ascertain how cold the body is.

So, in the rest of the talk I will assume the weak scale is (at 
least mildly) fine-tuned and sketch my evolving opinions on 
what tuned scenario is most plausible.



Moduli
String compactifications always have scalar fields coupling 
with gravitational strength, called “moduli.” Their VEVs 
determine couplings, e.g. 

L � c�
�

MPl
Fµ⌫F

µ⌫

In a SUSY theory, the imaginary part is an axion-like field. It 
has a shift symmetry and appears in W only in exponential 
terms. 
!
These fields are often light: in fact, the natural scale for their 
masses is m3/2. (Coughlan, Fischler, Kolb, Raby, Ross 1983; 
de Carlos, Casas, Quevedo, Roulet 1993).



Heavy Moduli are Tuned
parameters, dissociated from the SUSY breaking order parameter f that sets the gravitino

mass. From Eq. 2.11, one could see that the tiny c.c. is achieved by a fine tuning to the order

O(fMP /⇤3) among the large Planck-scale parameters in the moduli sector. The modulus

potential is shallow but steep as shown in the right panel of Figure 3. We stress that the

tuning that makes the modulus heavy is di↵erent from the tuning that cancels the c.c.; even

fixing the depth of the supersymmetric AdS minimum that we uplift, the typical potential

will look like the left-hand plot in Fig. 3, and the modulus mass will be of order m
3/2.
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Figure 3: Two example potentials V (T ), untuned at left and tuned at right, arising from the super-
potential 2.6. As in Fig. 2, there is a minimum at t⇤ = 56.8 with depth V (t⇤) = �1.4⇥ 10�14 in each
case. In the plot at right, the modulus at this minimum is tuned to be very heavy.

Our argument that moduli masses will be of order the gravitino mass unless there is a

tuning such that the individual terms in W , at the minimum, nearly cancel is very similar to

the one already given in Ref. [7]. However, they explicitly state an assumption that moduli

fields are massless in the absence of SUSY breaking. We emphasize the key point that we need

not assume that the moduli masses arise from SUSY breaking e↵ects to make this argument.

2.3 Moduli Decays

If we tune to have a light gravitino and heavy moduli, one potential problem is an over-

abundance of gravitinos arising from moduli decays. The heavy moduli could either cascade

through SM superpartners ending in gravitinos and SM particles, e.g., T ! 2g̃ ! · · · !
2 

3/2 + · · · or decay directly to a pair of gravitinos T ! 2 
3/2. The decay widths scale as

�T = ↵m3

T /(4⇡M
2

P ) with a model-dependent constant ↵. Below we will calculate the partial

widths and the branching fractions of di↵erent decay channels.

The simplest way to couple a single modulus to the MSSM is through the gauge kinetic

function,
R
d2✓ TW↵W↵, which leads to, in components,
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where the subscripts R(I) denote the real (imaginary) component of T , and T̂ ⌘pGTT †(T �
t⇤) is the canonically normalized modulus field. For K = �3 log(T + T †), a straightforward

– 8 –

Two potentials with a minimum at the same location and same 
depth, but very different mass around the minimum:

perturbing around the minimum of two disconnected sectors, one finds that, up to corrections

scaling as 1/(bt⇤),
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p
3|W |
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m
3/2 = eG/2 =

f

2
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, (2.4)

mT = eG/2GTT †
GTT ⇠ m

3/2 log
⇤3

|W
0

| , (2.5)

where the total Kähler potential G ⌘ K + log |W |2. Indeed the modulus is heavier than the

gravitino, but only by a logarithmic factor. A recent study of supersymmetric sigma models

in AdS has shown that generically, a theory with many KKLT-like moduli with potential

dominantly arising from one exponential in the superpotential will have all moduli masses

proportional to the AdS curvature scale, times a logarithmic factor [26].

2.2 A Tunable Superpotential
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Figure 2: An example KKLT potential V (T ),
for parameter choices leading to a minimum at
t⇤ = 56.8 with depth V (t⇤) = �1.4⇥ 10�14.

Now we will demonstrate that the modulus

can be made parametrically much heavier than

the gravitino through tuning the modulus su-

perpotential. The model appears already in

Refs. [21, 22]. Keeping the same Kähler po-

tential KO0KKLT , consider a racetrack type

superpotential with two exponential terms in

the moduli sector (plus a constant):

Wtunable = W
0

+ ⇤3e�bT � ⇤
0
3e�b0T . (2.6)

Before discussing the detailed physics, let us outline the general strategy: we want to have

a vacuum where the moduli are much heavier than the gravitino. Moduli masses come from

derivatives of the superpotential W at the minimum, while the gravitino mass comes from

hW i. Thus, we want to tune so that at the minimum hW i is small compared to the terms

that make it up. One way to do this is to first tune to produce a supersymmetric Minkowski

vacuum, then perturb it to produce a supersymmetric AdS vacuum for the modulus, then

couple to X to uplift.

All three terms in the superpotential are taken to be comparable, W
0

,⇤3,⇤03 ⇠ O(M3

P ).

If any of them is much smaller than the others, it would not influence the AdS minimum,

the modulus mass would still be of order the AdS curvature, and the physics would resemble

that discussed in the previous subsection. The addition of the third term of the same order

allows us to tune the parametersW
0

,⇤,⇤0, b, and b0 to produce a supersymmetricMinkowski

minimum by setting DTW = 0 and W = 0,

t
(0)

⇤ =
1

b� b0
log

b⇤3

b0⇤03 , (2.7)
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O’KKLT (Kallosh, Linde): strongly stabilized moduli can be 
heavy. But the left plot is much more generic than the right!



The Moduli Problem
• Moduli have long lifetimes due to Planck-

suppressed couplings. 

• They are generally displaced from the minimum of 
their potential in the early universe, so (like axions) 
they start to roll when Hubble ~ modulus mass. 

• They overclose the universe or ruin BBN unless 
their masses are > 100 TeV.



Moduli Solutions
• Make them so heavy they don’t matter at all. (E.g. 

recent work of Dudas, Linde, Mambrini, Mustafayev, 
Olive). Could be right. Looks tuned to me. 

• Dilute them, e.g. thermal inflation. Old idea (Randall 
& Thomas, Lyth & Stewart). Tried to make a nice 
version of this using saxions (Fan, MR, Wang 2011). 
Strongly constrained and works marginally if at all. 

• Put them at ~100 TeV so they reheat above BBN.



Moduli and split SUSY
Decay width 

a top-down viewpoint, as moduli appear ubiquitously in string constructions. In Appendix C, we will discuss an-
other possible type of non-thermal scenario where the late-decaying particles have a negligible branching fraction
into wino dark matter.

Non-thermal production of neutralinos from the decays of gravitinos is another interesting possibility which
we will leave for future work.

3.1 Basics of moduli decays

Moduli, scalar fields with Planck-suppressed couplings, are ubiquitous in string theory constructions, which have
no tunable parameters. Coupling constants, like the 1/g 2 factor in front of gauge field kinetic terms, always arise
as VEVs of holomorphic gauge kinetic functions that depend on the moduli. Moduli fields begin to oscillate coher-
ently around the minimum of their potential at Hubble scales of order their mass, leading to a matter-dominated
phase of the universe that ends when moduli decay, reheating the universe to a radiation-dominated phase with
temperature

TRH ⌘
✓

90
⇡2 g ⇤(TRH)

◆1/4p
��M Pl, (8)

where M Pl is the reduced Planck mass ⇡ 2.4⇥ 1018 GeV and �� is the width of the decaying modulus. If TRH is too
low, e.g., below 5 MeV, this is in conflict with BBN, leading to a severe cosmological problem [28, 68, 69]. One solu-
tion to this problem is that moduli fields have a large enough decay width �� that their decays automatically reheat
the universe to a high enough temperature for BBN to proceed normally, typically requiring m� ⇠> 10 TeV [70]. In
this case, the decays of the moduli can produce dark matter, a scenario that fits best with light wino dark matter,
given its large annihilation cross section [24–26, 71–73].

Note that the important physical parameter, which enters for instance in the Boltzmann equations, is �� . Be-
cause the moduli do not all decay instantaneously, the decay happens over a range of temperatures around TRH,
and conventions for characterizing this temperature differ; for example, Ref. [74] defines a “decay temperature”
which is smaller by a factor of 91/4. Our convention for defining TRH is in agreement with the original paper of
Moroi and Randall [24], and we will plot the bound on TRH in order to facilitate comparison with existing results.
Yet it is more meaningful to discuss constraints on unambiguous physical quantities such as the moduli width and
mass. The masses of moduli fields are typically quite closely connected to the SUSY breaking scale m3/2. This is
true even when the moduli are stabilized supersymmetrically, because tuning to cancel the cosmological constant
relates the size of various terms in the superpotential, indicating that m� �m3/2 is possible only with additional
fine-tuning [75]. As a result, we expect that bounds on the reheat temperature are quite closely linked to a deter-
mination of the overall scale of supersymmetry breaking, in the absence of additional fine-tuning. To relate our
bound on the reheat temperature to the moduli mass scale, we require an estimate for decay width. Moduli couple
through Planck-suppressed operators, so

�� =
c

4⇡

m 3
�

M 2
Pl

. (9)

Computing the coefficient c requires a detailed model, but we can offer some general comments. In the case of
a coupling of a modulus � to an SU(N ) field strength,

R
d 2✓ �

M Pl
�W↵W ↵+h.c., the modulus has a decay width to

gluons [24]

�(�! g g ) =
�

N 2�1
� |�|2

8⇡

m 3
�

M 2
Pl

. (10)

If � is stabilized supersymmetrically, F� / m�� and the decay rate to gluinos is precisely equal to that to glu-
ons [25, 76]. There is no chirality suppression of moduli decaying to two gauginos. The value of � will be order
one in some cases (e.g. cases where K /M 2

Pl log(T+T †), the gauge kinetic function is/ T , and� is the canonically-
normalized fluctuation around the VEV of T ), while in other cases it can be as small as a loop factor (as is familiar
for saxion couplings).
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so reheating above ~5 MeV for BBN leads to masses ~ 10 to 
100 TeV (Moroi, Yamaguchi, Yanagida hep-ph/9409367).

This fits very well with anomaly mediation or other scenarios 
(including many moduli-mediated scenarios!) where gaugino 
masses are set by

m� ⇠ ↵

⇡
m3/2

Without jumping through hoops (sequestering), in such a 
scenario scalars are ~ m3/2 and the spectrum is split.



Triple coincidence?
• If gauginos are at the 100 GeV to 1 TeV scale (and we 

know they aren’t much lighter…), AMSB puts the 
gravitino at ~10 to 100 TeV. 

• If we want moduli to reheat above BBN, this picks out a 
scale ~10 to 100 TeV. 

• If we want to raise the Higgs mass to 125 GeV without 
large A-terms, for moderate to large tan beta this picks 
out scalar masses ~ 10s of TeV. 

• It’s a nice story, aside from the fine-tuning.



A “mini-split” naturalness 
puzzle: why not both?

Anthropics of Mini-Split SUSY

Josef Pradlera and Matthew Reeceb

a Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21210, USA
b Department of Physics, Harvard University, Cambridge, MA 02138, USA

December 8, 2013

Abstract

Mini-split theories raise an obvious question: why is physics not split and natural? We consider anthropic
answers to this question.

1 Introduction

m3/2, mscalar,µ⇠ 10 TeV
l ↵

4⇡
mh, mgaugino⇠ 100 GeV

Unnatural Mini-Split SUSY

m3/2, mscalar,µ, mh⇠ 100 GeV
l ↵

4⇡
mgaugino⇠ 1 GeV

Natural Mini-Split SUSY

Figure 1: The puzzle of mini-split supersymmetry: why would we find ourselves living in the fine tuned universe
on the left, if the fully natural one on the right seems equally viable?

2 Estimate

First pass to try to get parametric scaling right, not worrying about order one numbers:
Let us assume that we can approximate the modulus potential as a quadratic function V (�) ⇡ 1

2
m2
��

2 and
that in the early universe � began with a value �0 6= 0. We expect that typically �0 ⇠ MPl. Because of Hubble
friction the value of � will not change until H ⇠ m� , so we can roughly estimate that at that time the energy
density stored in � versus the energy density stored in radiation are comparable:

⇢� =
1
2

m2
��

2
0 ⇠ 3H2M2

Pl ⇠ ⇢rad =
⇡2

30
g⇤T

4. (1)

This means the yield of � is:

Y� ⌘
n�
s
=

1
m�

⇢�

⇢rad

3g⇤
4g⇤s

T ⇠ T
m�

. (2)

1

Moduli, a loop factor splitting, AMSB, etc… All could have 
been compatible with 1984-style natural SUSY!

Will come back to this later in the talk, but it should bother 
you. The universe on the right doesn’t look like an obviously 
bad place to live, and it’s much less tuned.



Dark matter in split SUSY
AMSB or related models often predict that the wino is the 
LSP. In thermal cosmologies this means not enough DM: 
winos annihilate away. 
!
Moduli change this story by decaying (~ half the time) to R-
odd particles, so they produce a lot of winos. (See: Moroi & 
Randall hep-ph/9906527; J. Kaplan, hep-ph/0601262; etc) 
!
Roughly, enhance Ωh2 by a factor of Tfreezeout/Treheat. Ideal for 
light wino dark matter.



Non-thermal abundances
NON-THERMAL 
ABUNDANCES
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Figure 6: The wino relic density in a non-thermal cosmology with decaying moduli fields, as a function of the wino mass and
reheating temperature. The reheating temperature is chosen by convention to be related to the modulus decay width as in
Eq. 8.
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Figure 7: Lower bounds on modulus reheating temperature TRH as a function of wino mass. The blue, purple, green curves with
bands around them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line search
respectively. TRH has to be above 5 MeV (the black solid line) for a successful BBN. The burgundy dot-dashed line is the curve
when ⌦non�thermalh2 = 0.12.

is M 2 = � (g )/g m3/2 ⇡ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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by
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W̃
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) +NW̃ΓXnX , (2.1)
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∂ ln g∗
∂ lnT

)

= (−4Hρrad + q)

(

1 +
1

4

∂ ln g∗
∂ lnT

)

, (2.3)

where nW̃ is the sum of the number densities of neutral and charged Winos, nX is the number
density of X , and q is a heat injection into radiation as

q = (mX −NW̃mW̃ )ΓXnX +mW̃ ⟨σeffv⟩n2
W̃
, (2.4)

with NW̃ being the averaged number of SUSY particles produced by the decay of one X .
In addition, ρrad is the energy density of the relativistic component, and is related to the
cosmic temperature T as

ρR =
π2

30
g∗(T )T

4, (2.5)

where g∗(T ) is the effective number of relativistic degrees of freedom.#1 In our calculation,
we approximated that the full particle content at the temperature above the QCD scale
(which is taken to be 200 MeV in our analysis) is that of the MSSM, while that at the tem-
perature below the QCD scale consists of photon, three generations of leptons, and pions.
Furthermore, nW̃ ,eq denotes the thermal-equilibrium value of nW̃ , H is the expansion rate of
the universe, ΓX is the decay rate of X , and mX and mW̃ are the masses of X and Wino,
respectively.#2 In the above Boltzmann equations, the thermally-averaged effective annihi-
lation cross section ⟨σeffv⟩ accounts both for the coannihilation effect and the Sommerfeld
effect, which were not fully taken into accounts in previous analyses.

The coannihilation processes are included by summing up the cross sections of all the
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calculation, where g∗s(T ) is the effective number of massless degrees of freedom for the calculation of entropy
density, which is related to the entropy density as

s(T ) =
2π2

45
g∗s(T )T

3.
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finding that 100 GeV winos 
are all the DM for 
reheating temperatures ~ 
100 MeV (a bit higher than 
one would like.)



In Wino Veritas?
• Non-thermal wino DM has been discussed by 

many groups: Moroi & Randall, recently Gordy 
Kane & collaborators, Yanagida & collaborators, 
etc. It’s a compelling idea. 

• But is it true? 

• No: predicts too many gamma rays from dwarf 
galaxies & galactic center. (See also: Cohen, 
Lisanti, Pierce, Slatyer 1307.4082.)



Bounds from Fermi-LAT and 
HESS (Gamma Rays)

BOUNDS FROM FERMI-LAT 
AND HESS
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FIG. 10: The 95% confidence level upper limits on the dark matter annihilation cross section, for various annihilation channels,
assuming a distribution which follows an NFW (upper frames) or Einasto (lower frames) halo profile. To be conservative,
we have normalized the halo profile to the minimum value capable of providing a good fit to the combination of the Milky
Way’s measured rotation curve and microlensing constraints [32] (corresponding to a local density of ⇢ ⇡ 0.28 GeV/cm3 or 0.25
GeV/cm3 in the upper and lower frames, respectively). For comparison, the horizontal line denotes the estimate for a simple
thermal relic (�v ⇡ 3⇥ 10�26 cm3/s).

Galactic center continuum 
bound, Hooper et al.

(Fermi dwarf bounds weaker)
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

HESS line search, 
1301.1173

Galactic center continuum 
bound, Hooper et al. 
!
(dwarf bounds weaker)

HESS line search, 
1301.1173



Wino Annihilation
�̃0

�̃0

W+

W�

�̃�

�̃0

�̃0

�̃+

�̃�

W�

�

Z

Figure 6: Some annihilation modes

�̃0

�̃0

⌧+

⌧�

⌧̃�

Figure 7: Some annihilation modes

[8] D. Hooper and T. Linden, “On The Origin Of The Gamma Rays From The Galactic
Center,” Phys. Rev. D 84, 123005 (2011) arXiv:1110.0006 [astro-ph.HE].

[9] D. Eichler, “TeV Particles as Weakly Unstable Dark Matter,” Phys. Rev. Lett. 63, 2440
(1989).

[10] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran,
“Astrophysical Probes of Unification,” Phys. Rev. D 79, 105022 (2009) arXiv:0812.2075
[hep-ph].

[11] M. Kawasaki, T. Moroi and T. Yanagida, “Can decaying particles raise the upper bound
on the Peccei-Quinn scale?,” Phys. Lett. B 383, 313 (1996) hep-ph/9510461.

[12] P. Fox, A. Pierce and S. D. Thomas, “Probing a QCD string axion with precision cosmo-
logical measurements,” hep-th/0409059.

[13] B. S. Acharya, K. Bobkov and P. Kumar, “An M Theory Solution to the Strong CP Problem
and Constraints on the Axiverse,” JHEP 1011, 105 (2010) arXiv:1004.5138 [hep-th].

[14] M. R. Buckley and D. Hooper, “Implications of a 130 GeV Gamma-Ray Line for Dark
Matter,” arXiv:1205.6811 [hep-ph].

[15] K. N. Abazajian, P. Agrawal, Z. Chacko and C. Kilic, “Lower Limits on the Strengths of
Gamma Ray Lines from WIMP Dark Matter Annihilation,” arXiv:1111.2835 [hep-ph].

7

Winos annihilate through the weak 
interaction to W bosons. Gamma 
rays mostly from neutral pions.

CONTINUUM GAMMAS FROM 
WINO ANNIHILATIONS
�̃0

�̃0

W+

W�

�̃�

Figure 4: Some annihilation modes

References

[1] R. Essig, “Direct Detection of Non-Chiral Dark Matter,” Phys. Rev. D 78, 015004 (2008)
arXiv:0710.1668 [hep-ph].

[2] M. Farina, M. Kadastik, D. Pappadopulo, J. Pata, M. Raidal and A. Strumia, “Implica-
tions of XENON100 and LHC results for Dark Matter models,” Nucl. Phys. B 853, 607
(2011) arXiv:1104.3572 [hep-ph].

[3] C. P. Burgess, M. Pospelov and T. ter Veldhuis, “The Minimal model of nonbaryonic dark
matter: A Singlet scalar,” Nucl. Phys. B 619, 709 (2001) hep-ph/0011335.

[4] J. Giedt, A. W. Thomas and R. D. Young, “Dark matter, the CMSSM and lattice QCD,”
Phys. Rev. Lett. 103, 201802 (2009) arXiv:0907.4177 [hep-ph].

[5] M. Ackermann et al. [Fermi-LAT Collaboration], “Constraining Dark Matter Models
from a Combined Analysis of Milky Way Satellites with the Fermi Large Area Tele-
scope,” Phys. Rev. Lett. 107, 241302 (2011) arXiv:1108.3546 [astro-ph.HE].

[6] E. Aprile et al. [XENON100 Collaboration], “Dark Matter Results from 100 Live Days
of XENON100 Data,” Phys. Rev. Lett. 107, 131302 (2011) arXiv:1104.2549 [astro-
ph.CO].

[7] E. Aprile on behalf of the XENON100 Collaboration, “The XENON1T Dark Matter
Search Experiment,” arXiv:1206.6288 [astro-ph.IM].

[8] D. Hooper and T. Linden, “On The Origin Of The Gamma Rays From The Galactic
Center,” Phys. Rev. D 84, 123005 (2011) arXiv:1110.0006 [astro-ph.HE].

[9] D. Eichler, “TeV Particles as Weakly Unstable Dark Matter,” Phys. Rev. Lett. 63, 2440
(1989).

[10] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran,
“Astrophysical Probes of Unification,” Phys. Rev. D 79, 105022 (2009) arXiv:0812.2075
[hep-ph].

6

Winos annihilate through the weak 
interaction to W bosons. Gamma rays 
mostly from pions.10-7 10-6 10-5 10-4 10-3 10-2 10-1 1

10-4

10-3

10-2

10-1

1

10

102

x = KêMDM

dN
êdlo

gx

DM DM Æ qq at MDM = 1 TeV

10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

10

102

x = KêMDM

dN
êdlo

gx

DM DM Æ gg at MDM = 1 TeV

10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

10

102

x = KêMDM

dN
êdlo

gx

DM DM Æ t+t- at MDM = 1 TeV

10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

10

102

x = KêMDM

dN
êdlo

gx

DM DM ÆW+W- at MDM = 1 TeV

Figure 2: Comparison between Monte Carlo results: Pythia is the continuous line, Her-
wig is dashed. Photons (red), e± (green), p̄ (blue), ⌫ = ⌫

e

+ ⌫
µ

+ ⌫
⌧

(black).

energy tails. In fact, although the centre-of-mass energy has been increased to 2
TeV, the D ! qq̄ is similar to Z/�⇤ ! qq̄ processes at LEP, which were used when
tuning theHerwig and Pythia user-defined parameters. Nevertheless, we note some
discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
a higher multiplicity, and in the p̄ distribution, where Herwig is above Pythia
especially at large x.

• Some discrepancy, up to a factor of 2, is instead found for the gg mode (which is,
however, presumably not the dominant one in DM phenomenology). In fact, unlike
the qq̄ mode, the D ! gg channel does not have a counterpart at LEP; the di↵erences
in parton showers and hadronization in Herwig and Pythia, as well as the fact that
we are running the two codes at a much higher energy with respect to LEP, may thus
be responsible for this discrepancy. In detail, as far as the �, e± and p̄ spectra are
concerned, Herwig is above Pythia at small x and below at large x; the Pythia
neutrino multiplicity is instead above theHerwig one in the whole x range, especially
for x > 10�5.

• Lepton modes (here exemplified by the ⌧�⌧+ case) exhibit a significant disagreement,
especially in the photon spectra, where Pythia yields a remarkably higher multi-
plicity with respect to Herwig for x < 10�2. As we pointed out before, Pythia
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Continuum Bounds

where the scale radius of the halo Rs = 20 kpc and for the Einasto profile, we use ↵ = 0.17. The characteristic
density ⇢s is determined by the local dark matter density at the sun, ⇢(r�). The distance between the sun and the
galactic center is taken to be r� = 8 kpc throughout this paper.2

Now we illustrate the uncertainties in calculating the J factor by varying ⇢(r�) and thus ⇢s in dark matter
profiles. A recent study of microlensing and dynamical observations of our galaxy mapped out 2� boundaries of
⇢(r�) for NFW and Einasto profiles [49]. For the NFW profile, ⇢(r�) = 0.29� 0.54 GeV/cm3 and for the Einasto
profile, ⇢(r�) = 0.25� 0.48 GeV/cm3 at the 2� level fixing r� = 8 kpc. We rescale the bounds in [42], which used
exclusively the lower (conservative) end of the 2� range of Ref. [49], and plot the band of bounds in Fig. 1 by
varying ⇢(r�) in the 2� ranges listed above. As the Einasto profile has a steeper inner slope than NFW, it leads to a
bigger J factor and thus a stronger bound for searches concentrating near the galactic center, all else being equal.
This is demonstrated in Fig. 1, in which the lighter shaded band of bounds from Einasto profiles is lower than the
darker shaded band of bounds from NFW profiles. In Fig. 1, we also plot the bound assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3, which is a common value used in setting bounds, as a darker reference curve. In Sec. 2.3, we
will discuss dark matter profiles with softened cusps such as cored profiles.

We also present the production cross section as a function of neutralino dark matter mass in Fig. 1. In cal-
culating the wino annihilation cross section, we take into account the Sommerfeld enhancement and one-loop
corrections using the fitting functions in [50]. For the higgsino annihilation cross section, we use fitting functions
in [51], which only take into account Sommerfeld enhancement. For the plot, the splitting between the charged
and neutral winos is set to be 0.2 GeV and the higgsino mass splitting is 0.5 GeV. These are reasonable approxi-
mations to the expected splittings, which have little effect on these tree-level rates. We review the physics of these
mass splittings in Appendix A.

From Fig. 1, one could see that conservatively, the Fermi dwarf galaxy data rules out pure wino dark matter
up to around 385 GeV and pure higgsino dark matter up to around 160 GeV. The dwarf galaxy data also rules out
wino dark matter with mass around 2.4 TeV, where the first resonance enhancement peak lies. The galactic center
photon continuum data rules out wino dark matter up to around 700 GeV and higgsino dark matter up to 300 GeV
for either NFW or Einasto profiles.

cé 0 =W
é
0, dm = 0.2 GeV

cé 0= H
é
0, dm = 0.5 GeV

Fermi dwarf 4 years
Hooper et.al. GC H1209.3015L
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Figure 1: Constraints on the cross section of annihilation into W W (+ZZ ) final state and wino/higgsino annihilation cross
section as a function of neutralino mass. The black dot-dashed curve is the constraint from the continuum photon spectrum
of Milky Way satellite galaxies [41]; the dark blue curve is the constraint from the photon continuum in our galactic center
assuming an NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc [42]. The blue (lighter blue) bands are derived by varying
⇢(r�) of NFW (Einasto) dark matter profiles as discussed in the text. The burgundy solid (cyan dashed) curve is the cross section
of wino (higgsino) annihilation into W W (+ZZ ) final states.

2A popular choice of r� in setting the bounds is 8.5 kpc, which corresponds to larger ⇢s for fixed ⇢(r�) and thus stronger bounds.

4

resonant peak 
(Sommerfeld)

winos excluded 
to ~ 700 GeV (if 
all the DM)

higgsinos excluded to ~ 300 GeV
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2.2 Photon line constraints

Both Fermi and HESS searches for line-like features in the photon spectrum are already sensitive to the cross
section of wino dark matter annihilating into two photons or a photon and a Z boson [52, 53]. The difference is
that currently the Fermi search is only sensitive to photons with energy below 300 GeV, while HESS is sensitive
to photons in a higher energy range above 500 GeV. In this subsection, we will derive bounds on neutralino dark
matter annihilation from photon line searches.

2.2.1 Neutralino annihilations into two photons

Analytic results of the full one-loop calculation of neutralino annihilation into two photons or photon+Z have
been derived in [54–57]. The Sommerfeld enhancement for pure wino or pure higgsino have been calculated in [50,
51]. The two calculations are different and there are some limitations of both calculations, which we will discuss
in Appendix B. To understand the behavior of the cross sections, we first inspect the limit when the neutralino is
heavy and the lightest superpartner (LSP) and its corresponding charged state are nearly degenerate in masses. We
will neglect Sommerfeld enhancement for the moment. In this limit, only one type of box diagram dominates, as
shown in Fig. 2. Other contributions to the rate are suppressed by 1/m 2

� . The analytic formula of the cross sections
in this limit are given by

h�v i�̃0�̃0!�� ⇡ 4↵4⇡

m 2
W sin4✓W

⇡ 1.6⇥10�27 cm3/s (�̃0 = W̃ 0),

⇡ ↵4⇡

4m 2
W sin4✓W

⇡ 10�28 cm3/s (�̃0 = H̃ 0), (5)

h�v i�̃0�̃0!Z� ⇡ 8↵4⇡cos2✓W

m 2
W sin6✓W

⇡ 1.1⇥10�26 cm3/s (�̃0 = W̃ 0),

⇡ ↵
4⇡
Ä

sin2✓W �0.5
ä2

2m 2
W sin6✓W cos2✓W

⇡ 8.0⇥10�29 cm3/s (�̃0 = H̃ 0). (6)

We see that for heavy neutralino, without Sommerfeld enhancement, its annihilation cross section is approxi-
mately a constant, independent of its mass at the leading order. (Taking into account the small but finite mass
splitting leads to a gradual decline in this cross section at high masses.)

Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.

For pure winos, the Z� annihilation cross section is about one order of magnitude larger than �� annihilation,
whereas for pure higgsinos they are comparable. The differences in wino and higgsino production cross sections
originate from their couplings to Z and �. For a �� final state, there is an additional Bose factor of 1/2 compared to
Z�.

In Fig. 3, we plotted the total cross section of wino annihilation into photons weighted by the number of pho-
tons in the final state, 2h�v i�� + h�v iZ�, as a function of the wino mass. The cross section is a result of matching
between the one-loop analytic calculation, which is more reliable for light winos, and the calculation including
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Naively, down by a loop 
factor, so less useful than 
continuum.

However, at large wino mass this goes as ~1/mW2, not 
1/mwino2 (closely related to Sommerfeld effect).

Thus, line searches are a very powerful probe of heavy 
winos.

Naively, down by a loop factor, 
so less useful than continuum.

However, this diagram goes as 1/mW2 rather than 1/mwino2 for 
large wino masses. (Related to Sommerfeld effect.) 
!
This makes line searches a very powerful probe of heavy 
winos.



Line BoundsLINE BOUNDSSommerfeld enhancement, which kicks in around a TeV wino mass. The details of the calculations and matching
between different calculations can be found in Appendix B. We have not plotted the higgsino annihilation rate,
which is too small for current experiments to exclude.
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Figure 3: Constraints on the cross section of wino annihilation into photon(s). The burgundy solid curve is the wino anni-
hilation cross section by matching one-loop calculation [54–57] and the Sommerfeld enhancement calculation [50]. Details
can be found in Appendix B. The purple curve is the constraint from the Fermi line search [52] assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The purple (lighter purple) bands are derived by varying ⇢(r�) of NFW (Einasto) dark
matter profiles as discussed in the text. The green curve is the constraint from the HESS line search [53] assuming an NFW
profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The green (lighter green) bands are derived by varying ⇢(r�) of NFW (Einasto)
dark matter profiles as discussed in the text. The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

2.2.2 Constraints from Fermi and HESS line searches

Both the Fermi and HESS collaborations have reported dark matter constraints from photon line searches in the
galactic center [52, 53]. The constraints rule out a cross section h�v i ⇠ 10�27 � 10�26 cm3/s depending on the
dark matter mass. The quantitative bounds are presented in Fig. 3. The Fermi line search defined four regions
of interest for annihilating dark matter, with each region optimized for a particular dark matter halo profile. The
HESS line search has one search region of interest contained within a 1� circle near the galactic center, and hence
is weakened more for less concentrated halo profiles. Both Fermi and HESS analyses assumed r� = 8.5 kpc and
⇢(r�) = 0.4 GeV/cm3.

To have a unified normalization of dark matter profiles and estimate the astrophysical uncertainties, we fol-
lowed the same strategy we used in setting the bounds from continuum photons in the galactic center as discussed
in Sec. 2.1. Again we only focused on cuspy profiles, i.e., NFW and Einasto profiles, in this section. In Fig. 3, we
rescale the bounds in [52, 53] and plot the bounds assuming the NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8
kpc as reference curves. We also plot the bands of bounds in Fig. 3 by varying ⇢(r�) in the 2� range from [49]. No-
tice that for the Fermi line constraints, the NFW band and Einasto band have different shapes because the Fermi
line analysis used different search regions for NFW and Einasto profiles. In Sec. 2.3, we will discuss dark matter
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HESS excludes most of the high-mass region (including 
thermal winos). Fermi excludes low masses, again.
HESS excludes most of the high-mass region (including 
thermal winos). Fermi excludes the low-mass region.



Limits with Cored Dark 
Matter Profiles

LIMITS WITH CORED DARK 
MATTER PROFILES

Fig. 4, the wino dark matter scenario with a thermal relic equal to the observed dark matter relic, which we took
to be ⌦h2 = 0.12 [23], is ruled out for NFW or Einasto profiles. Below 1.5 TeV, the bound on the allowed relic
abundance of winos is above the thermal relic abundance, and thus a non-thermal contribution to the wino relic
abundance is still allowed but is bounded to be less than all of the dark matter.

2.3 Core vs cusp dark matter profiles

Numerical simulations of galaxy formation including only dark matter robustly find cuspy dark matter distribu-
tions like the NFW and Einasto profiles we have discussed so far. Of course, the inner region of the Milky Way
galaxy is not solely composed of dark matter; sufficiently near the center, the galaxy is dominated by baryons. The
effect of baryons on the shapes of dark matter halos is still uncertain. Even the sign of the effect is in dispute. Adi-
abatic contraction tends to make the dark matter profiles steeper in the galactic center, as argued on theoretical
grounds [59] and observed in simulations (e.g. [60]). If this is the dominant effect, it will tend to increase indirect
detection signals from the galactic center, and by ignoring it we are being conservative. However, baryons could
also lead to dark matter distributions without cusps, a possibility that has drawn a great deal of attention in the
context of dwarf satellite galaxies, which appear to have cored halos. Feedback from supernovae, for instance, has
been suggested as a possible culprit in the destruction of cusps. Recent high-quality numerical simulations pro-
ducing realistic spiral galaxies have found that cusps survive even repeated baryonic outflows [61]. Perhaps the
most dangerous effect for the interpretation of indirect detection limits is a resonant bar/halo interaction, which
may lead to formation of a core of kiloparsec size in the Milky Way [62]. Recent work has argued that the Eris simu-
lation shows evidence for a 1 kpc core in the Milky Way [63], in contrast to earlier work arguing that core formation
was an artifact of simulations with too large a timestep [64]. On the other hand, one of the simulated galaxies in
Ref. [61] has a prominent bar and does not have a core. In short, the N -body simulation community does not ap-
pear to have converged on an answer for the expected shape of the Milky Way’s inner halo. Observations also offer
little help; a recent fit claimed a mild preference for a large core [65], but was also compatible with an NFW-like
distribution. It is also worth keeping in mind that even if observations decisively favored a cored profile, this would
not necessarily be good news for proponents of wino dark matter. We would still face the question of whether cold
dark matter with baryonic feedback could produce such a core; if not, the core might well point to self-interacting
dark matter or other new dynamics incompatible with winos. Indeed, in the case of dwarf galaxies, the “core/cusp
problem” is often cited as a motivation for moving beyond the paradigm of cold, collisionless dark matter.
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Figure 5: Left: minimal radius of the inner constant density core which will remove the HESS limits as a function of wino mass.
The band is obtained by varying⇢(r�) in the range 0.29�0.54 GeV/cm3. The solid red reference curve corresponds to⇢(r�) = 0.4
GeV/cm3. The vertical dashed orange line marks the wino with thermal relic abundance ⌦thermalh2 = 0.12. Right: the bound
from Ref. [42] in the case of an NFW profile with 1 kpc constant density core (blue band), compared to the expected wino cross
section (burgundy curve).
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The thermal wino bound can be evaded with a ~ kpc core. 
Even with a kpc core, light winos cannot be all the DM for 
wino masses below ~400 GeV.

The thermal wino bound can be evaded with a ~kpc core. 
Even with such a core, light nonthermal winos remain strongly 
excluded.



Fraction of Allowed  
Wino Dark Matter

FRACTION OF ALLOWED 
WINO DARK MATTER

profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in �� and �Z final states for m �̃0 � 200

GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
�Z final state is larger than that of the photons in �� by an amount

�m =
m 2

Z

4m �̃0
⇡ 10 GeV

Ç
200GeV

m �̃0

å2
. (7)

Given the current energy resolutions of both experiments ⇠> 10 GeV, this is a reasonable approximation for m �̃0 �
200 GeV [53, 58]. For 100 GeV m �̃0 < 200 GeV, we consider only the contribution of the process ending in �Z to
the photon line flux because it is about 2.5�2.8 times that of the process leading to ��.

From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100�300)GeV and (500 GeV�3 TeV), with (700 GeV�1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2� range in [49].

Wino thermal relic
HESS line H1301.1173L
Fermi line H1305.5597L
Fermi dwarf 4 yrs
Hooper et. al. GCH1209.3015L
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Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (purple solid line), NFW profile with varying ⇢(r�)
(purple band), Einasto profile with varying ⇢(r�) (lighter purple band); green line and bands: HESS line search assuming NFW
profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (green solid line), NFW profile with varying ⇢(r�) (green band), Einasto profile
with varying⇢(r�) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ⇢(r�) = 0.4 GeV/cm3 with r� = 8 kpc (blue solid line), NFW profile with varying ⇢(r�) (blue band), Einasto
profile with varying ⇢(r�) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From
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still a way to 
go before 
ruling out a 
subdominant 
thermal light 
wino

?

Still a long way to 
go to rule out a 
subdominant light 
thermal relic wino. 
!
Interpret with:
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Figure 6: The wino relic density in a non-thermal cosmology with decaying moduli fields, as a function of the wino mass and
reheating temperature. The reheating temperature is chosen by convention to be related to the modulus decay width as in
Eq. 8.
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Figure 7: Lower bounds on modulus reheating temperature TRH as a function of wino mass. The blue, purple, green curves with
bands around them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line search
respectively. TRH has to be above 5 MeV (the black solid line) for a successful BBN. The burgundy dot-dashed line is the curve
when ⌦non�thermalh2 = 0.12.

is M 2 = � (g )/g m3/2 ⇡ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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by

dnW̃

dt
+ 3HnW̃ = −⟨σeffv⟩(n2

W̃
− n2

W̃ ,eq
) +NW̃ΓXnX , (2.1)

dnX

dt
+ 3HnX = −ΓXnX , (2.2)

dρrad
dt

(

1 +
1

3

∂ ln g∗
∂ lnT

)

= (−4Hρrad + q)

(

1 +
1

4

∂ ln g∗
∂ lnT

)

, (2.3)

where nW̃ is the sum of the number densities of neutral and charged Winos, nX is the number
density of X , and q is a heat injection into radiation as

q = (mX −NW̃mW̃ )ΓXnX +mW̃ ⟨σeffv⟩n2
W̃
, (2.4)

with NW̃ being the averaged number of SUSY particles produced by the decay of one X .
In addition, ρrad is the energy density of the relativistic component, and is related to the
cosmic temperature T as

ρR =
π2

30
g∗(T )T

4, (2.5)

where g∗(T ) is the effective number of relativistic degrees of freedom.#1 In our calculation,
we approximated that the full particle content at the temperature above the QCD scale
(which is taken to be 200 MeV in our analysis) is that of the MSSM, while that at the tem-
perature below the QCD scale consists of photon, three generations of leptons, and pions.
Furthermore, nW̃ ,eq denotes the thermal-equilibrium value of nW̃ , H is the expansion rate of
the universe, ΓX is the decay rate of X , and mX and mW̃ are the masses of X and Wino,
respectively.#2 In the above Boltzmann equations, the thermally-averaged effective annihi-
lation cross section ⟨σeffv⟩ accounts both for the coannihilation effect and the Sommerfeld
effect, which were not fully taken into accounts in previous analyses.

The coannihilation processes are included by summing up the cross sections of all the
relevant modes with appropriate weights:

⟨σeffv⟩ =
∑

i,j

rirj⟨σijv⟩, (2.6)

#1We use the fact that g∗s(T ) is numerically very close to g∗(T ), and approximate g∗s(T ) ≃ g∗(T ) in our
calculation, where g∗s(T ) is the effective number of massless degrees of freedom for the calculation of entropy
density, which is related to the entropy density as

s(T ) =
2π2

45
g∗s(T )T

3.

#2Because we are interested in the case where charged and neutral Winos are quite degenerate, we denote
the Wino masses as mW̃ as far as we discuss the quantities which are insensitive to the mass difference.

3

Solve a set of Boltzmann 
equations:

100 GeV winos are all the 
DM for reheat temperatures 
~ 300 MeV.
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Figure 6: The wino relic density in a non-thermal cosmology with decaying moduli fields, as a function of the wino mass and
reheating temperature. The reheating temperature is chosen by convention to be related to the modulus decay width as in
Eq. 8.
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Figure 7: Lower bounds on modulus reheating temperature TRH as a function of wino mass. The blue, purple, green curves with
bands around them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line search
respectively. TRH has to be above 5 MeV (the black solid line) for a successful BBN. The burgundy dot-dashed line is the curve
when ⌦non�thermalh2 = 0.12.

is M 2 = � (g )/g m3/2 ⇡ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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Only reheat 
temperatures above 
about 1 GeV are 
allowed.

Only reheating 
temperatures 
above about 1 
GeV are allowed.



Trouble for Moduli Cosmology?
TROUBLE FOR MODULI 

COSMOLOGY?
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Figure 8: The bound on reheating temperature converted to a lower bound on the scale of moduli masses using Eq. 8 and 9.
Rather than using the reheating bound from Fig. 7, we have been somewhat more conservative by using the bound on h�v iW W

assuming a 1 kpc cored NFW profile from Fig. 5 (right hand plot). We also show a range of gravitino masses that might be
associated with a given wino temperature. The central dashed line is the AMSB prediction, and the band encompasses a factor
of 2 around this prediction in either direction.

other models where the detailed numerical coefficient is sensitive to moduli stabilization or other dynamics. What
is clearly visible in Fig. 8 is that the moduli mass scale preferred for achieving a sufficiently small wino relic
abundance is notably larger than the gravitino mass expected to lead to the chosen wino mass.

To restate this: scenarios in which gauginos are a loop factor below m3/2 and moduli lie near m3/2 are dis-
favored, whereas moduli an order of magnitude or more heavier than m3/2 are compatible with the data. The
modulus mass can only be significantly heavier than the gravitino mass if moduli are stabilized in a supersymmet-
ric manner. Furthermore, it would be a surprise if all moduli are stabilized supersymmetrically. For instance, if
a QCD axion originates from a modulus field, its scalar superpartner, the saxion, would be catastrophically light
unless it is stabilized in a nonsupersymmetric manner [81, 87, 88]. Hence, we might expect the saxion to overpro-
duce winos. This may not be an insurmountable problem: if the axion’s decay constant is relatively small, perhaps
the saxion stored a small fraction of the energy density compared to other moduli, and hence is a subdominant
effect compared to heavier, supersymmetrically stabilized moduli. Another possible problem is that moduli heavy
relative to m3/2 will decay to gravitinos, potentially creating a moduli-induced gravitino problem [25, 76, 77]. The
decay rate of gravitinos in the MSSM is [77]

�3/2 =
193

384⇡

m 3
3/2

M 2
Pl

, (13)

parametrically similar to moduli decay with c ⇡ 2 but with m� traded for the smaller m3/2. This can be problematic
for BBN; for instance, 100 TeV gravitinos decay when the temperature is about 7.8 MeV. The gravitino decays also
produce additional LSPs, which at these later times do not annihilate as efficiently. As a result, the data appears
to be forcing us into a special corner of model space in which moduli decays to gravitinos are suppressed [79, 81].
This problem, known for several years, is more severe now that data has told us that low-mass winos can constitute
at most a small fraction of the dark matter. The bound on the reheating temperature is such that we can’t appeal
to moduli lighter than 2m3/2 to escape the problem, at least unless gaugino masses are suppressed far below their
anomaly-mediated values relative to m3/2.

13

�� ⇠
m3

�

M2
Pl

Purple band:

with plausible range of 
coefficients.

Red band: gravitino mass, if wino mass is ~ AMSB size.

Problem: moduli decays to gravitinos will 
overclose the universe.

Purple band: allowed 
range of moduli masses 
assuming 

a top-down viewpoint, as moduli appear ubiquitously in string constructions. In Appendix C, we will discuss an-
other possible type of non-thermal scenario where the late-decaying particles have a negligible branching fraction
into wino dark matter.

Non-thermal production of neutralinos from the decays of gravitinos is another interesting possibility which
we will leave for future work.

3.1 Basics of moduli decays

Moduli, scalar fields with Planck-suppressed couplings, are ubiquitous in string theory constructions, which have
no tunable parameters. Coupling constants, like the 1/g 2 factor in front of gauge field kinetic terms, always arise
as VEVs of holomorphic gauge kinetic functions that depend on the moduli. Moduli fields begin to oscillate coher-
ently around the minimum of their potential at Hubble scales of order their mass, leading to a matter-dominated
phase of the universe that ends when moduli decay, reheating the universe to a radiation-dominated phase with
temperature

TRH ⌘
✓

90
⇡2 g ⇤(TRH)

◆1/4p
��M Pl, (8)

where M Pl is the reduced Planck mass ⇡ 2.4⇥ 1018 GeV and �� is the width of the decaying modulus. If TRH is too
low, e.g., below 5 MeV, this is in conflict with BBN, leading to a severe cosmological problem [28, 68, 69]. One solu-
tion to this problem is that moduli fields have a large enough decay width �� that their decays automatically reheat
the universe to a high enough temperature for BBN to proceed normally, typically requiring m� ⇠> 10 TeV [70]. In
this case, the decays of the moduli can produce dark matter, a scenario that fits best with light wino dark matter,
given its large annihilation cross section [24–26, 71–73].

Note that the important physical parameter, which enters for instance in the Boltzmann equations, is �� . Be-
cause the moduli do not all decay instantaneously, the decay happens over a range of temperatures around TRH,
and conventions for characterizing this temperature differ; for example, Ref. [74] defines a “decay temperature”
which is smaller by a factor of 91/4. Our convention for defining TRH is in agreement with the original paper of
Moroi and Randall [24], and we will plot the bound on TRH in order to facilitate comparison with existing results.
Yet it is more meaningful to discuss constraints on unambiguous physical quantities such as the moduli width and
mass. The masses of moduli fields are typically quite closely connected to the SUSY breaking scale m3/2. This is
true even when the moduli are stabilized supersymmetrically, because tuning to cancel the cosmological constant
relates the size of various terms in the superpotential, indicating that m� �m3/2 is possible only with additional
fine-tuning [75]. As a result, we expect that bounds on the reheat temperature are quite closely linked to a deter-
mination of the overall scale of supersymmetry breaking, in the absence of additional fine-tuning. To relate our
bound on the reheat temperature to the moduli mass scale, we require an estimate for decay width. Moduli couple
through Planck-suppressed operators, so

�� =
c

4⇡

m 3
�

M 2
Pl

. (9)

Computing the coefficient c requires a detailed model, but we can offer some general comments. In the case of
a coupling of a modulus � to an SU(N ) field strength,

R
d 2✓ �

M Pl
�W↵W ↵+h.c., the modulus has a decay width to

gluons [24]

�(�! g g ) =
�

N 2�1
� |�|2

8⇡

m 3
�

M 2
Pl

. (10)

If � is stabilized supersymmetrically, F� / m�� and the decay rate to gluinos is precisely equal to that to glu-
ons [25, 76]. There is no chirality suppression of moduli decaying to two gauginos. The value of � will be order
one in some cases (e.g. cases where K /M 2

Pl log(T+T †), the gauge kinetic function is/ T , and� is the canonically-
normalized fluctuation around the VEV of T ), while in other cases it can be as small as a loop factor (as is familiar
for saxion couplings).
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(Reasonable spread 
of choices for c.)

Red band: gravitino mass, if wino mass is ~ AMSB size. 
!
Problem: moduli decays to gravitino are dangerous; gravitinos 
decay to an overabundance of winos.
The Moroi-Randall nonthermal wino scenario is dead.



Clarification:  
no chirality suppression

Moroi & Randall said moduli decays to gauginos were 
chirality suppressed. Has been advocated (e.g. Hooper 
2013) as a way around constraints. But this is wrong:

Z
d2✓�W↵W↵ ) ��†i@µ�̄

µ�+ F���

The former gives a chirality-suppressed amplitude, but the 
latter does not: F� ⇠ m��

So even without SUSY-breaking, get a substantial decay width 
to gauginos (J.Kaplan 2006, Nakamura & Yamaguchi 2006, 
various papers by Dine & collaborators, etc.)



What to keep,  
what to give up?

• Moduli seem generic to me given SUSY at any 
accessible scale. (Especially if we want an axion: 
the saxion must be stabilized by SUSY breaking.) 

• The mini-split story with a loop factor seems very 
reasonable. Solve most of the hierarchy problem, 
get a Higgs at 125 GeV. 

• For me, wino dark matter is the weak link. Let’s 
throw it out! Easy to do. Turn on RPV, for example.



R-parity violation
RPV has received a lot of attention recently in the context of 
natural SUSY (hiding superpartners from the LHC). 
!
I think we should also be thinking about RPV in the unnatural, 
mini-split SUSY context. Produce winos, which decay. How do 
they decay? 
!
WRPV = ucdcdc has gotten a lot of recent attention (e.g. MFV 
RPV). Good for hiding from LHC searches (multi-jet signals). 
!
I want to comment on an option that received less recent 
attention: bilinear RPV, with 2-body wino decays at the LHC.

(for older work: see hep-ph/9612447 by Mukhopadyaya and Roy; hep-ph/0410242 by Chun and Park)



Bilinear RPV
If we violate R-parity by violating lepton number, can add

WLNV =
1

2
�ijkLiLjEk + �0

ijkLiQjDk + ✏iLiHu

the bilinear term can be rotated away, but in general still have 
bilinear soft terms remaining:

LLNV � �
⇣
BLiµµL̃iHu + m̃2

Hd,Li
L̃iH

†
d + h.c.

⌘

Once the Higgs gets a VEV, these terms become sneutrino 
tadpoles, so the sneutrino gets a VEV:

In the mini-split context would guess BLiµµ, m̃2
Hd,Li

⇠ ✏m2
3/2

h⌫̃i ⇠ ✏v



Sneutrino VEVs
The sneutrino VEV has several interesting consequences. 
Gauginos mix with leptons:

m3/2, mscalar,µ⇠ 10 TeV
l ↵

4⇡
mh, mgaugino⇠ 100 GeV

Unnatural Mini-Split SUSY

m3/2, mscalar,µ, mh⇠ 100 GeV
l ↵

4⇡
mgaugino⇠ 1 GeV

Natural Mini-Split SUSY

Figure 8: Hmm

�̃0 ⌫

⇥h⌫̃i

�̃± `±

⇥h⌫̃i

6

If winos are the LSPs, this will give them new decay modes:

W̃ 0 ! Z⌫,W±`⌥

W̃± ! Z`±,W±⌫

This would be a worthwhile search channel at the LHC. 
(Probably the lepton is mostly tau? Need flavor model.)



Bilinear RPV
Also get a contribution to neutrino masses:

m3/2, mscalar,µ⇠ 10 TeV
l ↵

4⇡
mh, mgaugino⇠ 100 GeV

Unnatural Mini-Split SUSY

m3/2, mscalar,µ, mh⇠ 100 GeV
l ↵

4⇡
mgaugino⇠ 1 GeV

Natural Mini-Split SUSY

Figure 8: Hmm

�̃0 ⌫

⇥h⌫̃i

�̃± `±

⇥h⌫̃i

⌫

⇥
M1,2

⇥h⌫̃i ⇥

⌫

h⌫̃i
m⌫ ⇠ ✏2 v2

M1,2

6

This implies an upper bound               .✏ ⇠ 10�6

This gives a lower bound on the lifetime of the two-body wino 
decays, ~ 100 microns.* So should look for 

W̃ 0 ! Z⌫,W±`⌥

W̃± ! Z`±,W±⌫

with displaced vertices! (Possibly 
macroscopically displaced; 
standard lepton ID may fail.)

* Disclaimer: I haven’t plugged in all order-one factors; hope to study this more carefully soon.



Baryogenesis?

• Once we start talking about violating baryon or 
lepton number via RPV, we open up one 
connection to cosmology: RPV may play a role in 
baryogenesis. 

• I have nothing new to say about that now, but see 
e.g. Haipeng An’s talk yesterday (1310.2608) and 
Yanou Cui’s recent paper (1309.2952)



What about dark matter?
It’s very possible that DM is part of a hidden sector, consists 
of multiple particles, has nontrivial self-interactions and 
interactions with the SM. These are things I’m thinking about. 
!
But for today I’ll tell you a more conventional, minimal story: 
!
Moduli-dominated cosmology is much better for axion DM 
than the conventional thermal cosmology! 
!
(Kawasaki, Moroi, Yanagida hep-ph/9510461; Banks, Dine, 
Graesser hep-ph/0210256)



Axions & Moduli
Axions start to oscillate while moduli dominate, so the 
universe is matter-dominated, not radiation-dominated. 
Oscillation begins when ma(T) ~ H; the energy density 
is ~ ma(T)2fa2 ~ H2fa2, so they have (fa/MPl)2 of the total 
energy density. 
!
When moduli decay, their energy converts into radiation 
with a large entropy. After the dust clears, find:

The φ decay occurs when 3H ≃ Γφ where Γφ is the decay rate of φ. The cosmic

temperature TR just after the decay is given by

TR ≃

(

10

π2g∗

)1/4
√

MΓφ = 0.55
√

MΓφ, (4)

where g∗ is the effective number of massless degrees of freedom and we have taken g∗ =

10.75. The entropy density just after the decay is given by

s(TR) =
2π2

45
g∗T

3
R. (5)

Since the energy density of the coherent φ oscillation just before the decay is M2Γ2
φ/3,

the axion density at the decay epoch becomes

ρa(TR) ≃

(

ρa

ρφ

)

ρφ(TR) ≃ 5.3T 4
RM−2F 2

a θ2ξ(T1)
−1. (6)

Then we can estimate the axion-to-entropy ratio as†

ρa

s
≃ 1.1TRF 2

a θ2M−2ξ(T1)
−1. (7)

This value should be compared with the ratio of the present values of the critical density

ρcr,0 to the entropy density s0, which is given by

ρcr,0

s0

≃ 3.6 × 10−9h2GeV, (8)

where h is the present Hubble constant in units of 100km/sec/Mpc. Then, the density

parameter of axion Ωa is expressed as

Ωah
2 ≃ 3.1 × 108GeV−1TRF 2

a θ2M−2ξ(T1)
−1

≃ 5.3
(

TR

1MeV

)

(

Faθ

1016GeV

)2

ξ(T1)
−1. (9)

† This formula (7) is applicable for TR
<
∼ 1 GeV.

3

(Kawasaki et al 1995)

So, ~ string scale 
decay constants could 
be salvaged without 
tuning initial angle. 
(See Svrcek, Witten 2006.)

2 Cosmological Evolution

Let us consider the cosmological evolution of the axion field and the coherent oscillation of

the field φ with potential m2
φφ

2/2 and density ρφ. This coherent oscillation is equivalent

to the non-relativistic decaying particle with the same energy density. Therefore, we

only consider the coherent oscillation hereafter. We assume that ρφ dominates the energy

density of the universe when the oscillation of the axion starts. If the universe is radiation-

dominated, the axion starts to oscillate at T ≃ 1 GeV. In this case the entropy production

factor is given by ∼ [(T 4
R/T 4

1 )(a(TR)/a(T1))4]3/4 ≃ (TR/T1)3(ρφ(T1)/T 4
R) <

∼(T1/TR), where

a is the scale factor of the universe, TR the temperature just after the φ decay and T1 the

temperature at which the axion field starts to oscillate. Since TR should be greater than

1 MeV to keep the success of primordial nucleosynthesis, the entropy production factor

becomes less than O(103). Therefore, the φ-dominated universe is a good assumption

as far as the large entropy production (with the entropy production factor greater than

O(103)) is considered.

The axion starts to oscillate at t = t1 when 3H ≃ ma. Thus at t = t1,

ρφ(t1) ≃
ma(T1)2M2

3
, (1)

where M = 2.4 × 1018GeV is the gravitational mass and ma(T ) is the axion mass which

depends on the temperature T as [9]

ma(T ) ≃

⎧

⎪

⎨

⎪

⎩

0.1ma(ΛQCD/T )3.7 for T >
∼ ΛQCD/π,

ma for T <
∼ ΛQCD/π,

(2)

where ΛQCD ≃ 0.2 GeV, and ma is the axion mass at T = 0.

Until the coherent φ oscillation decays, the ratio of the axion- to φ-number densities

stays constant. Therefore, the ratio of the energy density of the axion ρa to that of φ, ρφ,

is expressed as
ρa

ρφ
=

ma

mφ

ma(T1)F 2
a θ2

ρφ(t1)/mφ
=

3

2

F 2
a θ2

M2

1

ξ(T1)
, (3)

where θ ∼ O(1)∗ is the initial axion amplitude in units of Fa and ξ(T1) ≡ ma(T1)/ma ≤ 1.

∗θ takes π/
√

3 in the non-inflationary universe [9].
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Abstract

Mini-split theories raise an obvious question: why is physics not split and natural? We consider anthropic
answers to this question.

1 Introduction

m3/2, mscalar,µ⇠ 10 TeV
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l ↵

4⇡
mgaugino⇠ 1 GeV

Natural Mini-Split SUSY

Figure 1: The puzzle of mini-split supersymmetry: why would we find ourselves living in the fine tuned universe
on the left, if the fully natural one on the right seems equally viable?

2 Estimate

First pass to try to get parametric scaling right, not worrying about order one numbers:
Let us assume that we can approximate the modulus potential as a quadratic function V (�) ⇡ 1

2
m2
��

2 and
that in the early universe � began with a value �0 6= 0. We expect that typically �0 ⇠ MPl. Because of Hubble
friction the value of � will not change until H ⇠ m� , so we can roughly estimate that at that time the energy
density stored in � versus the energy density stored in radiation are comparable:
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2
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��
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0 ⇠ 3H2M2

Pl ⇠ ⇢rad =
⇡2

30
g⇤T

4. (1)

This means the yield of � is:

Y� ⌘
n�
s
=

1
m�

⇢�

⇢rad

3g⇤
4g⇤s

T ⇠ T
m�

. (2)

1

Is there a good reason why we might find ourselves living in 
the universe at left instead of the natural one at right? 
!
There could be a reason tied to cosmology, if moduli are at 
the scale m3/2. Work in (early) progress (with Josef Pradler). 
So the remaining slides are provisional.



The General Idea

If moduli have mass ~ m3/2, then in the fully natural scenario 
where scalars are at 100 GeV, moduli decays reheat the 
universe to a temperature of ~1 keV. 
!
Clearly this is not our universe. But: is it a universe we could 
have lived in, or not? 
!
Many aspects of cosmology change and there are several 
possible anthropic problems with such a universe.



The Big Picture?

GeV Planck scale

Anthropic !
pressure

Naturalness !
pressure

We are !
here?

SUSY may solve most of the hierarchy problem. What we see 
conflicts with our notions of naturalness because we could not 
live in the natural world. Balance of two pressures:



BBN?
In our universe, we begin with significantly fewer neutrons 
than protons due to the remarkable coincidence that weak 
interactions decouple at 

If TRH < 1 MeV this coincidence breaks. In “In Wino Veritas” 
we suggested this could lead to an anthropic argument 
related to having too much helium. But our argument was 
flawed. Moduli decays will break up bound states formed 
at early times. It seems most plausible that this leads to an 
all-hydrogen universe; not obviously a problem.

T ⇠
✓
m4

W

MPl

◆1/3

⇠ 1 MeV ⇠ mn �mp.



Diluting Matter?
If the abundance of some species of matter is set before 
moduli domination starts (plausible for baryon number), then 
the decays of moduli dilute the abundance.
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First pass to try to get parametric scaling right, not worrying about order one numbers:
Let us assume that we can approximate the modulus potential as a quadratic function V (�) ⇡ 1
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2 and
that in the early universe � began with a value �0 6= 0. We expect that typically �0 ⇠ MPl. Because of Hubble
friction the value of � will not change until H ⇠ m� , so we can roughly estimate that at that time the energy
density stored in � versus the energy density stored in radiation are comparable:
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When moduli start oscillating their number density dominates 
over the entropy in radiation:This is a parametrically large number,

Y� ⇠
T

m�
⇠
p

HMPl

m�
⇠
»

MPl

m�
. (3)

For 100 TeV moduli this is ⇠ 107 and for 100 GeV moduli it is ⇠ 108.
Y� remains constant until the moduli decay. Let us assume they reheat the universe to a temperature TRH.

Then we can equate the energy density stored in moduli before the decay to that stored in radiation after:

m�n�(tdecay) =
⇡2

30
g⇤T

4
RH. (4)

From that we can work out the ratio of entropy produced in the decay to pre-existing entropy:
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If we use
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s
m3
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, (6)

we have

sdecay

sbefore
⇠

Y�m�
TRH
⇠ MPl

m�
. (7)

So, we have a huge amount of entropy produced in the decay.
What this will imply for the time of matter-radiation equality will presumably depend on whether the dark

matter is a relic that gets diluted by the decays, or is produced in the decays, or is something like an axion
that starts to oscillate in its potential while the moduli dominate the universe. Probably all of these cases are
interesting. First let’s assume it’s a pre-existing relic that just gets diluted.

After the moduli decay we will have some ratio of the number density of matter particles to photons, Y after
m =

nmatter/s. Matter-radiation equality happens when

mmatternmatter =
⇡2

30
g⇤T

4
eq, (8)

i.e. Teq ⇠ mmatternmatter/s. For this to happen before the cosmological constant takes over we need

Y after
m =

nmatter

s
>

⇤
mmatter

. (9)

In terms of the matter amount before the decay, this means:

Y before
m = Y after
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MPl⇤
mmatterm�

⇠ 1
✓

100 GeV
mmatter

◆Ç
100 TeV

m�

å
. (10)

This shows that if either the particles making up most of the matter or the moduli are light, we require that the
number density of matter particles is larger than that of photons before the moduli decay.
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What this will imply for the time of matter-radiation equality will presumably depend on whether the dark

matter is a relic that gets diluted by the decays, or is produced in the decays, or is something like an axion
that starts to oscillate in its potential while the moduli dominate the universe. Probably all of these cases are
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This shows that if either the particles making up most of the matter or the moduli are light, we require that the
number density of matter particles is larger than that of photons before the moduli decay.
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Natural split SUSY moduli would lead to 1000x more dilution.



Baryon-to-Axion Ratio?
If axions are the DM, they start to oscillate during moduli 
domination. So they aren’t diluted by entropy production in the 
same way that pre-existing matter is. 
!
Neglecting for the moment temperature dependence of the 
axion mass, have: 
!
!
But TRH ~ (mmodulus)3/2, so for fixed decay constant, moduli are 
diluted more than baryons (which dilute as mmodulus/MPl). 
!
So, have a lower dark matter-to-baryon ratio.

3 Axion dark matter

Suppose the dark matter is made mostly of axions. Moduli can allow axion dark matter with higher decay
constants than in the usual axion cosmology [1]. In the natural mini-split case they could be even more diluted.
The axion will start oscillating at a time Ta when H ⇠ ma and initially stores an energy density ⇢a = m2

a f 2
a . This

happens during the interval when moduli dominate the energy density of the universe provided that:

ma ⇠
⇤2

QCD

fa
> �� ⇠

m3
�

M2
Pl

. (11)

This is satisfied given fa < MPl and the range of m� that we are interested in. Given moduli domination,
⇢�(Ta) = 3H2M2

Pl ⇠ m2
a M2

Pl. Thus axions constitute a fraction
�

fa/MPl
�2 of the energy density of the universe

before the moduli decay. At the time that the moduli decay, we have
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s
=
⇢a
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⇠
✓
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MPl

◆2 TRH

ma
. (12)

If axions are the dominant matter in the universe, this means that in order for matter-radiation equality to happen
before the cosmological constant dominates we need

✓
fa

MPl

◆2
TRH > ⇤. (13)

This means

fa > 1014 GeV

Ç
100 TeV

m�

å3/4
. (14)

Thus, it appears that we cannot have an airtight anthropic bound from cosmological constant domination if we
allow for the possibility of axion dark matter with GUT-scale decay constants. On the other hand, there is a
question of what we hold fixed. The fact that our universe has ⌦DM h2 ⇡ 0.12 imposes a bound on fa in our
universe. If we vary the reheating temperature while keeping fa fixed, then universes with lighter moduli will
have matter-radiation equality after the cosmological constant dominates fill in details

4 Baryon to Dark Matter Ratio

Another possible anthropic parameter is the fraction of matter that is baryonic as opposed to dark matter. If there
is too much ordinary matter compared to DM, structure formation could be problematic because the baryons are
coupled in a plasma at early times and we have to consider effects like Silk damping [2]. Thus, even if we have
sufficiently large fa that axion DM dominates and matter-radiation equality happens before ⇤ takes over, we
could still fail to form galaxies. The reason is that, if the baryon abundance is established primordially, its final
abundance scales like the entropy factor m�/MPl according to Eq. 7. On the other hand, the axion abundance
scales like TRH / m3/2

� . Thus, as we lower m� the relative fraction of dark matter compared to ordinary matter
decreases, all else equal. This is another possible source of an anthropic constraint.

5 Differences in Nuclear Physics?

Nuclear physics will potentially change in the natural mini-split scenario because the gluino mass is smaller by
a factor of ⇠ 1000, meaning it is potentially around 1 GeV. This modifies the QCD beta function, making it less
asymptotically free, and hence requiring a lower QCD scale assuming the same value of ↵s at a high scale. If we
fix ↵s(mZ) to its measured value and plot the way the QCD scale changes with Mgluino, we obtain Fig. 2.
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Cosmological Problems
We’ve seen that a fully natural scenario can dilute the amount 
of matter. This can be dangerous. Structure starts to grow 
when matter domination kicks in. If the cosmological constant 
takes over sooner, we lose structure formation. Need: 
!
If all matter is diluted,

This is a parametrically large number,
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So, we have a huge amount of entropy produced in the decay.
What this will imply for the time of matter-radiation equality will presumably depend on whether the dark

matter is a relic that gets diluted by the decays, or is produced in the decays, or is something like an axion
that starts to oscillate in its potential while the moduli dominate the universe. Probably all of these cases are
interesting. First let’s assume it’s a pre-existing relic that just gets diluted.

After the moduli decay we will have some ratio of the number density of matter particles to photons, Y after
m =

nmatter/s. Matter-radiation equality happens when
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This shows that if either the particles making up most of the matter or the moduli are light, we require that the
number density of matter particles is larger than that of photons before the moduli decay.
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If dominantly axions, 

3 Axion dark matter

Suppose the dark matter is made mostly of axions. Moduli can allow axion dark matter with higher decay
constants than in the usual axion cosmology [1]. In the natural mini-split case they could be even more diluted.
The axion will start oscillating at a time Ta when H ⇠ ma and initially stores an energy density ⇢a = m2

a f 2
a . This

happens during the interval when moduli dominate the energy density of the universe provided that:
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This is satisfied given fa < MPl and the range of m� that we are interested in. Given moduli domination,
⇢�(Ta) = 3H2M2
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before the moduli decay. At the time that the moduli decay, we have
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If axions are the dominant matter in the universe, this means that in order for matter-radiation equality to happen
before the cosmological constant dominates we need
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Thus, it appears that we cannot have an airtight anthropic bound from cosmological constant domination if we
allow for the possibility of axion dark matter with GUT-scale decay constants. On the other hand, there is a
question of what we hold fixed. The fact that our universe has ⌦DM h2 ⇡ 0.12 imposes a bound on fa in our
universe. If we vary the reheating temperature while keeping fa fixed, then universes with lighter moduli will
have matter-radiation equality after the cosmological constant dominates fill in details

4 Baryon to Dark Matter Ratio

Another possible anthropic parameter is the fraction of matter that is baryonic as opposed to dark matter. If there
is too much ordinary matter compared to DM, structure formation could be problematic because the baryons are
coupled in a plasma at early times and we have to consider effects like Silk damping [2]. Thus, even if we have
sufficiently large fa that axion DM dominates and matter-radiation equality happens before ⇤ takes over, we
could still fail to form galaxies. The reason is that, if the baryon abundance is established primordially, its final
abundance scales like the entropy factor m�/MPl according to Eq. 7. On the other hand, the axion abundance
scales like TRH / m3/2

� . Thus, as we lower m� the relative fraction of dark matter compared to ordinary matter
decreases, all else equal. This is another possible source of an anthropic constraint.

5 Differences in Nuclear Physics?

Nuclear physics will potentially change in the natural mini-split scenario because the gluino mass is smaller by
a factor of ⇠ 1000, meaning it is potentially around 1 GeV. This modifies the QCD beta function, making it less
asymptotically free, and hence requiring a lower QCD scale assuming the same value of ↵s at a high scale. If we
fix ↵s(mZ) to its measured value and plot the way the QCD scale changes with Mgluino, we obtain Fig. 2.
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These conditions may be difficult to satisfy. Having too many 
baryons relative to DM can also be problematic for growth of 
structure (e.g. due to Silk damping). Need to do more work, 
but plausible that a strong argument exists.



Changing QCD Scale?
In the natural split SUSY case, if we hold αs fixed at a high 
scale, its running changes at low scales because the colored 
scalars and gauginos are lighter. 
!
All else equal, this lowers the QCD scale by an order-one 
amount, and mu,d/ΛQCD becomes larger. 
!
This potential affects nuclear properties, BBN, etc., along the 
lines of older anthropic studies (e.g. Agrawal, Barr, Donoghue, 
Seckel hep-ph/9707380) 
!
But is αs at a high scale the right parameter to keep constant?



What to hold fixed?
Any anthropic argument tends to involve fixing some 
parameters and varying others. Holding αs at a high scale 
fixed seems unlikely to be the right thing. αs is related to VEVs 
of moduli, and we’re changing moduli masses. 
!
A toy model including moduli stabilization seems necessary to 
at least start to develop intuition about how the QCD scale will 
vary in conjunction with SUSY-breaking parameters. 
!
This seems feasible but I don’t have results to tell you about 
yet.



Status
Two ideas that seemed to work very well are now in serious trouble: 
!
1. Natural SUSY is being squeezed by the LHC. 
2. Nonthermal wino DM is in trouble from gamma rays. 
!
But mini-split SUSY with 100 TeV scalars solves most of the hierarchy 
problem, gets the Higgs mass right, has gauge coupling unification, 
and might help with axion DM. 
!
I suspect we can find an argument that the fully natural scenario is 
anthropically disfavored. Maybe live in a sweet spot between 
naturalness and anthropic pressures. 
!
Try to link the anthropic argument with observable cosmology? It 
suggests a low TRH. How could we confirm it? 


