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(I)  2011-  
A New Era of Data



A 125 GeV Higgs Boson

Is good news for perturbative Susy
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Fig. 17. The 68% CL contours for the signal strength σ /σSM versus the boson mass
mX for the untagged γ γ , γ γ with VBF-like dijet, 4#, and their combination. The
symbol σ /σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. In this combination, the relative signal
strengths for the three decay modes are constrained by the expectations for the SM
Higgs boson.

7.2. Mass of the observed boson

The mass mX of the observed boson is determined using the
γ γ and ZZ decay modes, with the former dominating the preci-
sion of the measurement. The calibration of the energy scale in the
γ γ decay mode is achieved with reference to the known Z boson
mass, as described in Section 5.1. There are two main sources of
systematic uncertainty: (i) imperfect simulation of the differences
between electrons and photons and (ii) the need to extrapolate
from mZ to mX ≈ 125 GeV. The systematic uncertainties are evalu-
ated by making comparisons between data and simulated samples
of Z → ee and H → γ γ (mH = 90 GeV). The two uncertainties,
which together amount to 0.5%, are assumed to be fully correlated
between all the γ γ event categories in the 7 and 8 TeV data. For
the ZZ → 4# decay mode the energy scale (for electrons) and mo-
mentum scale (for muons) are calibrated using the leptonic decays
of the Z boson, with an assigned uncertainty of 0.4%.

Fig. 17 shows the two-dimensional 68% CL regions for the signal
strength σ /σSM versus mX for the three channels (untagged γ γ ,
dijet-tagged γ γ , and ZZ → 4#). The combined 68% CL contour
shown in Fig. 17 assumes that the relative event yields among the
three channels are those expected from the standard model, while
the overall signal strength is a free parameter.

To extract the value of mX in a model-independent way, the
signal yields of the three channels are allowed to vary indepen-
dently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to
a particle with a unique mass mX. The combined best-fit mass is
mX = 125.3 ± 0.4(stat.) ± 0.5(syst.) GeV.

7.3. Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the
SM Higgs boson is provided by examination of the best-fit value
for the common signal strength σ /σSM, obtained in a combination
of all search channels. Fig. 18 shows a scan of the overall σ /σSM
obtained in the combination of all channels versus a hypothesised
Higgs boson mass mH. The band corresponds to the ±1σ uncer-
tainty (statistical and systematic). The excesses seen in the 7 TeV
and 8 TeV data, and in their combination, around 125 GeV are

Fig. 18. The observed best-fit signal strength σ /σSM as a function of the SM Higgs
boson mass in the range 110–145 GeV for the combined 7 and 8 TeV data sets. The
symbol σ /σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The band corresponds to the ±1 standard
deviation uncertainty in σ /σSM.

Fig. 19. Values of σ /σSM for the combination (solid vertical line) and for individual
decay modes (points). The vertical band shows the overall σ /σSM value 0.87± 0.23.
The symbol σ /σSM denotes the production cross section times the relevant branch-
ing fractions, relative to the SM expectation. The horizontal bars indicate the ±1
standard deviation uncertainties in the σ /σSM values for individual modes; they
include both statistical and systematic uncertainties.

consistent with unity within the ±1σ uncertainties. The observed
σ /σSM value for an excess at 125.5 GeV in a combination of all
data is 0.87±0.23. The different decay channels and data sets have
been examined for self-consistency. Fig. 19 shows the measured
values of σ /σSM results obtained for the different decay modes.
These results are consistent, within uncertainties, with the expec-
tations for the SM Higgs boson.

8. Conclusions

Results are presented from searches for the standard model
Higgs boson in proton–proton collisions at

√
s = 7 and 8 TeV in

the CMS experiment at the LHC, using data samples correspond-
ing to integrated luminosities of up to 5.1 fb−1 at 7 TeV and
5.3 fb−1 at 8 TeV. The search is performed in five decay modes:
γ γ , ZZ, W+W− , τ+τ− , and bb. An excess of events is observed
above the expected background, with a local significance of 5.0σ ,
at a mass near 125 GeV, signalling the production of a new par-
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Implications for Neutralino DM
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Figure 12: (Update of fig. 8). Model independent “well-tempered” neutralino scenario for mh =
125GeV. The 3� range for the cosmological DM abundance is reproduced within the green strip.
The gray region is excluded by Xenon100 [16].

Figure 13: (Update of fig. 5). The (MDM, �SI) plane in the CMSSM. Points with ��2 < 52,
colored according to the DM annihilation mechanism.
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“The Well-Tempered Region is excluded”
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Indirect Detection via Gamma Rays 
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considered in our analysis becomes

L(D|pW,{p}
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2
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(1)

where LLAT

i

denotes the binned Poisson likelihood that is
commonly used in a standard single ROI analysis of the
LAT data and takes full account of the point-spread func-
tion, including its energy dependence; i indexes the ROIs;
D represents the binned gamma-ray data; pW represents
the set of ROI-independent DM parameters (h�

ann

vi and
m

W

); and {p}
i

are the ROI-dependent model parame-
ters. In this analysis, {p}

i

includes the normalizations
of the nearby point and di↵use sources and the J factor,
J
i

. log
10

(J
i

) and �
i

are the mean and standard devia-
tions of the distribution of log

10

(J
i

), approximated to be
Gaussian, and their values are given in Columns 5 and
6, respectively, of Table I.

The fit proceeds as follows. For given fixed values of
m

W

and bf , we optimize � lnL, with L given in Eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the “profile likelihood”technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see, e.g., [32]), and consists of calcu-
lating the profile likelihood � lnL

p

(h�
ann

vi) for several
fixed masses m

W

, where, for each h�
ann

vi, � lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2� ln(L

p

) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann

vi,
the J factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near-by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo calculations for a
Poisson process with known background and Fermi-LAT
simulations of Galactic and isotropic di↵use gamma-ray
emission. The parameter range for h�

ann

vi is restricted
to have a lower bound of zero, to facilitate convergence of
the MINOS fit, resulting in slight overcoverage for small
signals, i.e., conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1; see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on a WIMP anni-
hilation cross section for all selected dSphs and for the joint
likelihood analysis for annihilation into the bb̄ final state. The
most generic cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-
wave cross section) is plotted as a reference. Uncertainties in
the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the bb̄ channel, the ⌧+⌧� channel, the
µ+µ� channel, and the W+W� channel. The most generic
cross section (⇠ 3 ·10�26 cm3s�1 for a purely s-wave cross sec-
tion) is plotted as a reference. Uncertainties in the J factor
are included.

in the fit results in increased upper limits compared to
using the nominal J factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultrafaint satel-
lites with small kinematic data sets and relatively large

Fermi LAT
1108.3546
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mh = 124� 126 GeV

 Minimize

 messenger scale 
of 10 TeV

�

tan� > 10

mQ3 = mU3 = mt̃

� =
� lnmh

� ln p

David Pinner, Josh Ruderman, 
LJH    1112.2703
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Direct Detection of Dark Matter 
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Figure 1: Present limits (filled or solid) and future reach (dotted or dashed) for SI and SD
scattering of dark matter. Discuss origin of conservative and non-conservative limits,
etc, here and in text.

3 Relic Abundances and Well-Tempering

WMAP observations are consistent with a relic abundance of dark matter given by

⌦
obs

h2 = 0.111± 0.018 (1�). (2)

Throughout our analysis, ⌦� will denote the total relic abundance of neutralino dark matter,

while ⌦(th)

� will denote the relic abundance of neutralino dark matter expected from thermal
freeze-out alone. To be comprehensive, our analysis will accommodate three possible scenarios
for the cosmological history:

• Thermal (⌦
obs

= ⌦� = ⌦(th)

� ). Dark matter is solely comprised of neutralinos arising
from thermal freeze-out.

• Non-Thermal (⌦
obs

= ⌦� 6= ⌦(th)

� ). Dark matter is solely comprised of neutralinos, but
thermal freeze-out either over- or under-produces. We assume that non-thermal processes
either deplete or enhance the abundance to exactly saturate the WMAP constraint.

• Multi-Component (⌦
obs

> ⌦� = ⌦(th)

� ). Dark matter is partly comprised of neutralinos
arising from thermal freeze-out. We assume that the balance of dark matter is provided
by a secondary dark matter particle, e.g. axions.

7
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ahead:
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∼ TeV ≈ TR

The forbidden window

Figure 2: A large window between ∼ TeV and ≈ TR for the LOSP mass, mLOSP, is forbidden
since it overproduces dark matter, beyond the bound in Eq. (2).

a TeV, beyond the upper edge of the anthropically allowed region characterized by a critical

dark matter abundance ξDM,c. This, therefore, leads to an environmental selection of m̃

ξa + ξLSP(m̃) < ξDM,c, (2)

where ξLSP = (mLSP/mLOSP)ξLOSP, ξa is the axion abundance that depends on parameters in

the axion sector, and we assume that possible dependence of ξDM,c on m̃ is weak. This single

condition simultaneously selects for a low enough axion density [7] and for a low LSP/LOSP

mass. Hence, there is an environmentally forbidden window for m̃ between the TeV scale and

TR, as illustrated in Fig. 2—the LOSP must either be heavy enough so that it is not produced

significantly after inflation, or it must be light enough to satisfy Eq. (2).

The number of decades of this forbidden window increases with TR as log10(TR/TeV). For

values of TR # TeV, this window is very large and divides theories into two categories, those

with no superpartners below TR and those with at least some superpartners in the TeV domain.

Many simple theories in the first category will yield High Scale Supersymmetry, with a Higgs

mass prediction in the range of (128 – 141) GeV, depending on tanβ, providing TR is 1010 GeV

or larger. For theories in the second category, Large Scale Structure may not limit how light the

LOSP can be, since dark matter may be fully accounted for by axions. Since supersymmetry

has not yet been discovered at colliders, this suggests that the multiverse distribution for m̃ in

this region favors larger values, so that the LOSP mass is near the edge of the forbidden window.

This second category of theories we call TeV-LOSP Supersymmetry.
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Current Limits on Bino/Higgsino DM

Cliff Cheung, David Pinner, Josh Ruderman, LJH    1210...

Parameter space
(M1, µ, tan�)

5.1 Non-thermal Dark Matter with ⌦� = ⌦
obs

Fig. (4) depicts contours of ⌦(th)

� /⌦
obs

—the ratio of the thermal yield of neutralino dark matter
to the observed relic abundance—together with current experimental constraints in the (µ,M

1

)

plane at tan � = 2, 20. For |M
1

| ⌧ |µ|, dark matter is bino-like and ⌦(th)

� is over-abundant; for

|M
1

| � |µ|, dark matter is Higgsino-like and ⌦(th)

� is under-abundant. In these regimes we have
evaluated constraints assuming a non-standard cosmological history in which entropy production
or non-thermal dark matter production, respectively, ensures a final neutralino abundance of
⌦

obs

= ⌦� 6= ⌦(th)

� .
According to Fig. (4), thermal bino/Higgsino dark matter at low tan � is excluded up to

m� ' 800 GeV for µ > 0 but wholly unconstrained for µ < 0. At high tan �, however, thermal
bino/Higgsino dark matter is excluded for m� ' 500 GeV for either sign of µ. Meanwhile,
non-thermal bino-like or Higgsino-like dark matter is, at present, rather poorly constrained.

The structure of Fig. (4) follows from the fact that the leading experimental constraint on
bino/Higgsino dark matter is on SI scattering at XENON100. In general, thermal neutralino
dark matter tends to be the most constrained by SI direct detection, simply because dark
matter carries an O(1) fraction of bino and Higgsino that furnishes a non-vanishing coupling to
the Higgs. In contrast, parameter regions corresponding to non-thermal dark matter are more
weakly constrained, since pure bino and pure Higgsino dark matter do not couple directly the
Higgs boson. That said, even well mixed neutralino dark matter can be decoupled from the
Higgs if the theory parameters reside on the SI blind spot defined in Eq. (20),
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which is only allowed for µ < 0. At low tan �, the SI blind spot occurs near the well-tempering
region, |M

1

| ' |µ|. At high tan �, however, the sign of µ is unphysical because it can be removed
by a field redefinition because the bino mixes negligibly with the down-type Higgsino. For this
reason, the tan � = 20 plot in Fig. (4) is approximately symmetric under µ $ �µ.

At present, limits on the SD scattering cross-section are dominated by XENON100 and
IceCube constraints. The latter are ine↵ective below the WW threshold, where the former
provides a complementary constraint for lighter dark matter.

Fig. (5) is identical to Fig. (4) except it depicts projected reach instead of current limits.
Comparing Fig. (5) and Fig. (4), and noting the di↵erence in scales on both axes, LUX and
XENON1T will provide a very powerful probe of both thermal and non-thermal bino/Higgsino
dark matter. Currently only narrow wedges of the (µ,M

1

) plane are excluded. These wedges lie
along the thermal band, but even the exclusion of some thermal regions is marginal and subject
to astrophysical uncertainties. Over the next few years, LUX and XENON1T will explore most
of the parameter space with dark matter masses up to 1 TeV, and much of the region up to
2 TeV, o↵ering a remarkable opportunity for discovery. If no signal is seen, LUX will exclude
a large fraction of thermal bino/Higgsino dark matter and, XENON1T will exclude the entire
parameter space of thermal bino/Higgsino dark matter for tan � > 2, except for the case of
almost pure Higgsino. Interesting blind spot regions remain for lower tan �, as discussed in the
next section.
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the Higgs. In contrast, parameter regions corresponding to non-thermal dark matter are more
weakly constrained, since pure bino and pure Higgsino dark matter do not couple directly the
Higgs boson. That said, even well mixed neutralino dark matter can be decoupled from the
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IceCube constraints. The latter are ine↵ective below the WW threshold, where the former
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Comparing Fig. (5) and Fig. (4), and noting the di↵erence in scales on both axes, LUX and
XENON1T will provide a very powerful probe of both thermal and non-thermal bino/Higgsino
dark matter. Currently only narrow wedges of the (µ,M
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) plane are excluded. These wedges lie
along the thermal band, but even the exclusion of some thermal regions is marginal and subject
to astrophysical uncertainties. Over the next few years, LUX and XENON1T will explore most
of the parameter space with dark matter masses up to 1 TeV, and much of the region up to
2 TeV, o↵ering a remarkable opportunity for discovery. If no signal is seen, LUX will exclude
a large fraction of thermal bino/Higgsino dark matter and, XENON1T will exclude the entire
parameter space of thermal bino/Higgsino dark matter for tan � > 2, except for the case of
almost pure Higgsino. Interesting blind spot regions remain for lower tan �, as discussed in the
next section.
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dark matter tends to be the most constrained by SI direct detection, simply because dark
matter carries an O(1) fraction of bino and Higgsino that furnishes a non-vanishing coupling to
the Higgs. In contrast, parameter regions corresponding to non-thermal dark matter are more
weakly constrained, since pure bino and pure Higgsino dark matter do not couple directly the
Higgs boson. That said, even well mixed neutralino dark matter can be decoupled from the
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by a field redefinition because the bino mixes negligibly with the down-type Higgsino. For this
reason, the tan � = 20 plot in Fig. (4) is approximately symmetric under µ $ �µ.

At present, limits on the SD scattering cross-section are dominated by XENON100 and
IceCube constraints. The latter are ine↵ective below the WW threshold, where the former
provides a complementary constraint for lighter dark matter.

Fig. (5) is identical to Fig. (4) except it depicts projected reach instead of current limits.
Comparing Fig. (5) and Fig. (4), and noting the di↵erence in scales on both axes, LUX and
XENON1T will provide a very powerful probe of both thermal and non-thermal bino/Higgsino
dark matter. Currently only narrow wedges of the (µ,M
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) plane are excluded. These wedges lie
along the thermal band, but even the exclusion of some thermal regions is marginal and subject
to astrophysical uncertainties. Over the next few years, LUX and XENON1T will explore most
of the parameter space with dark matter masses up to 1 TeV, and much of the region up to
2 TeV, o↵ering a remarkable opportunity for discovery. If no signal is seen, LUX will exclude
a large fraction of thermal bino/Higgsino dark matter and, XENON1T will exclude the entire
parameter space of thermal bino/Higgsino dark matter for tan � > 2, except for the case of
almost pure Higgsino. Interesting blind spot regions remain for lower tan �, as discussed in the
next section.
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HereM
1

has been scanned so as to saturate the observed dark matter abundance, so ⌦(th)

� = ⌦
obs
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LSP Dark Matter Summary

m̃ ⇠ TeV

Current experiments

LUX and Xenon1T

have removed about half the space

will explore most of the space

Cosmological abundance of LSP 
provides independent argument for

For freeze-out (bino/Higgsino and bino/wino)
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Figure 1: Evolution of the three gauge couplings, ga (a = 1, 2, 3), in the SM. The SU(5)
normalization for the hypercharge gauge coupling is taken.

In the first years after LEP, the first two items above provided a strong motivation for taking

supersymmetry as the leading candidate for understanding the weak scale. However, the absence

of a light Higgs boson is certainly a problem for simple natural theories. Furthermore, together

with experimental bounds on superpartner masses, it pushes these theories into regions where the

superpartner WIMP candidates are also unnatural. This unease with weak scale supersymmetry

is compounded by the lack of any signals of new flavor or CP violation beyond the SM, such

as b → sγ, and by cosmological issues, such as the gravitino problem. Over the years there

were many opportunities for supersymmetry to become manifest, leaving us today with many

reasons to question weak scale supersymmetry. The single remaining success is gauge coupling

unification, and while this is certainly significant, one wonders whether a decrease in the unified

threshold corrections by an order of magnitude might be an unfortunate accident. Even without

supersymmetry, unification can occur, either by enhancing these threshold corrections or by

certain matter surviving below the unified scale. Indeed, the evolution of the gauge couplings

in the SM shows evidence for unification [1], as shown in Figure 1, and precision unification

requires only a small perturbation to this picture.

What, then, is the origin of the weak scale? It has been suggested that the weak scale may

result from anthropic, or environmental, selection [2]. In particular, if the Higgs mass parameter

scans effectively in the multiverse, but not the Yukawa couplings, then the requirement of the

stability of some complex nuclei requires that the weak scale be no more than a factor two

larger than we measure [2, 3]. In this picture, most universes have weak interactions broken at

a very high scale or by QCD dynamics, but they contain no complex nuclei and consequently

2
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requires only a small perturbation to this picture.
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scans effectively in the multiverse, but not the Yukawa couplings, then the requirement of the
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occurs in the Standard Model!

Weak scale susy improves the precision:
✏g = 0.12 ! ✏g = 0.014
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But does not usefully constrain the superparticle masses
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Yukawa Coupling Unification

Once again, weak scale susy improves the precision
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Once again, weak scale susy improves the precision
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Different 
origins for

Higgsino LSP Wino LSP
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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.

3

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.

3

Wells   hep-ph/0411041
Arkani-Hamed, Delgado, 

Giudice ph/0601041 

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

µ

Two Versions



Higgs Mass in Spread SUSY
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Figure 2: The values of the Higgs boson mass in the m̃-tanβ plane. The solid (red) curves represent
ones with µ = 10 TeV, while the dashed (blue) curves µ = 100 TeV. The shaded region around
each curve shows uncertainty from the top quark mass. For the gaugino masses, we have set
M1 = 600 GeV, M2 = 300 GeV, and M3 = 2000 GeV.

gravitino problem, and similarly a moderately split spectrum solves possible moduli and proton

decay problems. LHC signatures of wino LSP were studied in [25, 26], and aspects of particle

physics and cosmology of a moderately split spectrum with M∗ = MPl were discussed recently in

a series of papers in [27].

Dark matter is a critical aspect of Spread Supersymmetry since it determines the normalization

of the entire superpartner spectrum. It constrains the scale of the squark masses to be in the range

m̃ ∼ (102 − 104) TeV. (3)

The upper limit follows from freeze-in of dark matter via gravitinos [28, 29], assuming TR > m̃,

and the lower limit from requiring gravitinos to decay before the Big-Bang nucleosynthesis (BBN).

Furthermore, from Eq. (1) all entries in the Higgs mass-squared matrix are comparable, so that

tanβ is not expected to be large. Since the top squark mixing parameter vanishes at tree level,

the Higgs boson mass is determined essentially only by (m̃, tanβ), which is shown in Fig. 2. The

measurement of the Higgs mass at the LHC is a key motivation for studying the predictions of this

theory in some detail.

In theories with wino LSP arising from anomaly mediation, it is generally understood that the

wino mass should be near 3 TeV, so that thermal freeze-out can account for the observed dark

matter, leading to a gluino heavier than 5 TeV that is out of the LHC reach. In this paper we
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each curve shows uncertainty from the top quark mass. For the gaugino masses, we have set
M1 = 600 GeV, M2 = 300 GeV, and M3 = 2000 GeV.
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Figure 2: The Higgs mass prediction in the SM for theories where the boundary condition for the
quartic coupling at m̃ is given by Eq. (2), for fixed values of m̃ = 1014 GeV and αs(MZ) = 0.1176.
The solid red curve gives the Higgs mass prediction for mt = 173.1 GeV, while the shaded red
band shows the uncertainty that arises from the experimental uncertainty in the top quark mass
of ±1.3 GeV. The horizontal blue lines show the corresponding asymptotes of the prediction for
large tanβ. For tan β < 1, an identical figure results provided the horizontal axis is labeled by
cotβ.

section 3.3 we discuss the relation to other work.

All figures and analytical results are obtained using two-loop renormalization group (RG)

scaling of all couplings from m̃ to the weak scale, together with one-loop threshold corrections

at the weak scale, including the one-loop effective potential for the Higgs field. In addition,

we include the two- and three-loop QCD threshold corrections in converting the top-quark pole

mass to the MS top Yukawa coupling, since they are anomalously large. Experimental values of

mt = 173.1 ± 1.3 GeV [11] and αs(MZ) = 0.1176 ± 0.002 [12] are used.

3.1 SM below m̃

In a general supersymmetric model, the SM Higgs doublet may be a combination of super-

symmetric Higgs doublets having opposite hypercharge so that, before including threshold cor-

rections, the boundary condition on the quartic coupling is given by Eq. (2). The resulting

prediction is actually a correlation between the Higgs boson mass and the parameter tanβ, as

shown by the solid red curve in Figure 2. Remarkably, even as β varies over all possible values,

the Higgs mass lies in a narrow, high-scale supersymmetry, window of ! (128 – 141) GeV. Fur-

thermore, for large values of tanβ the Higgs mass rapidly asymptotes to ! 141 GeV, shown by
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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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