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•Most general spacetime symmetry allowed by nature
•Ubiquitous in string theory
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•(more than) Doubles the particle content of SM - lots of 
things to measure

Tuesday, June 28, 2011



Supersymmetry

the model to which all other 
models should be compared

.....and is

•Most general spacetime symmetry allowed by nature
•Ubiquitous in string theory
•Solves the hierarchy problem, grand unification
•(more than) Doubles the particle content of SM - lots of 
things to measure

Tuesday, June 28, 2011



Supersymmetry

the model to which all other 
models should be compared

.....and is

•Most general spacetime symmetry allowed by nature
•Ubiquitous in string theory
•Solves the hierarchy problem, grand unification
•(more than) Doubles the particle content of SM - lots of 
things to measure

SUSY

Tuesday, June 28, 2011



Supersymmetry

the model to which all other 
models should be compared

.....and is

•Most general spacetime symmetry allowed by nature
•Ubiquitous in string theory
•Solves the hierarchy problem, grand unification
•(more than) Doubles the particle content of SM - lots of 
things to measure

SUSY ex dims
little higgs

Tuesday, June 28, 2011



Supersymmetry

the model to which all other 
models should be compared

.....and is

•Most general spacetime symmetry allowed by nature
•Ubiquitous in string theory
•Solves the hierarchy problem, grand unification
•(more than) Doubles the particle content of SM - lots of 
things to measure

SUSY ex dims
little higgs

....

Tuesday, June 28, 2011



Supersymmetry

the model to which all other 
models should be compared

.....and is

•Most general spacetime symmetry allowed by nature
•Ubiquitous in string theory
•Solves the hierarchy problem, grand unification
•(more than) Doubles the particle content of SM - lots of 
things to measure

SUSY ex dims
little higgs

.... ???

Tuesday, June 28, 2011



(Weak scale) 
Supersymmetry

Pre-LEP:

Hierarchy problem

EWSB in SM driven by fundamental scalar, the Higgs

Vclassical = λ(|φ|2 − v2)2
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FIG. 2: The SUSY particle spectra for the benchmark points corresponding to SPS 4, SPS 5, SPS 6 and SPS 7 as
obtained with ISAJET 7.58 (see Ref. [33]).

Point:

m0 = 200 GeV, m1/2 = 400 GeV, A0 = 0, tanβ = 30, µ > 0.

This point is the mSUGRA point 6 of the “Points d’Aix”.

SPS 2: “focus point” scenario in mSUGRA

The benchmark point chosen for SPS 2 lies in the “focus point” region, where a too large relic abundance
is avoided by an enhanced annihilation cross section of the LSP due to a sizable higgsino component. This
scenario features relatively heavy squarks and sleptons, while the charginos and the neutralinos are fairly
light and the gluino is lighter than the squarks.

Point:

m0 = 1450 GeV, m1/2 = 300 GeV, A0 = 0, tanβ = 10, µ > 0.
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Joe Lykken, Muon Collider workshop 2009:

Short version of this talk

Question: Is it possible to identify the physics 

targets of the post-LHC energy frontier collider 

before we have any LHC results?

Answer: No
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LHC -MC synergy
LHC will provide (part) of the benchmarks for us

(Or tell us to look elsewhere)

LHC produces squarks and gluinos
q

q

g
g̃

g̃

q

q

q̃

g̃

g̃

q

q

q̃

g̃

g̃

q

q

g
q̃

q̃∗

q

q

g̃

q̃

q̃∗

q

q

g̃

q̃

q̃

q

q

g̃

q̃

q̃

Figure 9.3: Feynman diagrams for gluino and squark production at hadron colliders from strong quark-
antiquark annihilation and quark-quark scattering.

as shown in figs. 9.2 and 9.3. The reactions in (9.1) and (9.2) get contributions from electroweak
vector bosons in the s-channel, and those in (9.1) also have t-channel squark-exchange contributions
that are of lesser importance in most models. The processes in (9.3)-(9.6) get contributions from the
t-channel exchange of an appropriate squark or gluino, and (9.3) and (9.5) also have gluon s-channel
contributions. In a crude first approximation, for the hard parton collisions needed to make heavy
particles, one may think of the Tevatron as a quark-antiquark collider, and the LHC as a gluon-gluon
and gluon-quark collider. However, the signals are always an inclusive combination of the results of
parton collisions of all types, and often cannot be neatly separated.

At the Tevatron collider, the chargino and neutralino production processes (mediated primarily
by valence quark annihilation into virtual weak bosons) tend to have the larger cross-sections, unless
the squarks or gluino are rather light (less than 300 GeV or so). In a typical model where C̃1 and
Ñ2 are mostly SU(2)L gauginos and Ñ1 is mostly bino, the largest production cross-sections in (9.1)
belong to the C̃+

1 C̃−
1 and C̃1Ñ2 channels, because they have significant couplings to γ, Z and W bosons,

respectively, and because of kinematics. At the LHC, the situation is typically reversed, with production
of gluinos and squarks by gluon-gluon and gluon-quark fusion usually dominating, unless the gluino and
squarks are heavier than 1 TeV or so. At both colliders, one can also have associated production of a
chargino or neutralino together with a squark or gluino, but most models predict that the cross-sections
(of mixed electroweak and QCD strength) are much lower than for the ones in (9.1)-(9.6). Slepton pair
production as in (9.2) may be rather small at the Tevatron, but might be observable there or at the
LHC [228]. Cross-sections for sparticle production at hadron colliders can be found in refs. [229], and
have been incorporated in computer programs including [204],[230]-[235].

The decays of the produced sparticles result in final states with two neutralino LSPs, which escape
the detector. The LSPs carry away at least 2m

Ñ1
of missing energy, but at hadron colliders only

the component of the missing energy that is manifest in momenta transverse to the colliding beams
(denoted /ET ) is observable. So, in general the observable signals for supersymmetry at hadron colliders
are n leptons + m jets + /ET , where either n or m might be 0. There are important Standard Model
backgrounds to many of these signals, especially from processes involving production of W and Z
bosons that decay to neutrinos, which provide the /ET . Therefore it is important to identify specific
signals for which the backgrounds can be reduced. Of course, this depends on which sparticles are
being produced and how they decay.
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Ñj

u

d

d̃L

C̃+
i

Ñj
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Figure 9.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 9.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Measures edges and endpoints 
- mass differences

Observes cascade decays, MET

Figure 9.5: The theoretical shape of the dilepton invariant
mass distribution from events with Ñ2 → !!̃ → !+!−Ñ1.
No cuts or detector effects are included. The endpoint is at
Mmax

!! = mÑ2
(1 − m2

!̃
/m2

Ñ2
)1/2(1 − m2

Ñ1
/m2

!̃
)1/2.

Events/GeV

M!!Mmax
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pair production with subsequent decays !̃ → !Ñ1, can also give an observable signal, especially at the
LHC. Another important possibility for the LHC, but probably not the Tevatron, is the single lepton
plus jets plus /ET signal [223]. It has large Standard Model backgrounds from processes with W → !ν.
However, at the LHC it also can have an extremely large rate from various sparticle production modes,
and may give the best discovery signal. One should also be aware of interesting signals that can appear
for particular ranges of parameters. For example, in a model studied in ref. [238], the only two-body
decay channel for the gluino is g̃ → bb̃1, with subsequent decays b̃1 → bÑ2 and Ñ2 → !+!−Ñ1 or
Ñ2 → qqÑ1. In that case, gluino pair production gives a spectacular signal of four bottom jets plus up
to four leptons plus /ET . In general, production of relatively light t̃1 and b̃1 can give hadron collider
signals rich in bottom jets, either through direct production or cascade decays.

After the evidence for the existence of supersymmetry is acquired, the LHC data can be used to
measure sparticle masses by analyzing the kinematics of the decays. With a neutralino LSP always
escaping the detector, there are no true invariant mass peaks possible. However, various combinations
of masses can be measured using kinematic edges and other reconstruction techniques. For example,
if the decay of the second-lightest neutralino occurs in two stages through a real slepton, Ñ2 → !!̃ →
!+!−Ñ1, then the resulting dilepton invariant mass distribution is as shown in fig. 9.5. It features
a sharp edge, allowing a precision measurement of the corresponding combination of Ñ2, !̃, and Ñ1

masses [239, 240, 224]. There are significant backgrounds to this analysis, for example coming from
tt production. However, since the signal from Ñ2 has same-flavor leptons, while the background has
contributions from different flavors. Therefore the edge can be enhanced by plotting the combination
[e+e−] + [µ+µ−] − [e+µ−] − [µ+e−], subtracting the background.

Heavier sparticle mass combinations can also be reconstructed at the LHC [224, 226], [241]-[246]
using other kinematic distributions. For example, consider the gluino decay chain g̃ → qq̃∗ → qq̄Ñ2

with Ñ2 → !!̃∗ → !+!−Ñ1 as above. By selecting events close to the dilepton mass edge as determined
in the previous paragraph, one can reconstruct a peak in the invariant mass of the jj!+!− system,
which correlates well with the gluino mass. As another example, the decay q̃L → qÑ2 with Ñ2 → h0Ñ1

can be analyzed by selecting events near the peak from h0 → bb. There will then be a broad jbb̄
invariant mass distribution, with a maximum value that can be related to mÑ2

, mÑ1
and mq̃L , if mh0

is known. There are many other similar opportunities, depending on the specific sparticle spectrum.
These techniques generally will determine the sparticle mass differences much more accurately than the
individual masses; the mass of the unobserved LSP will be constrained but not precisely measured.†

Final state leptons appearing in the signals listed above might be predominantly tau, and so a
significant fraction will be realized as hadronic τ jets. This is because most models predict that τ̃1 is
lighter than the selectrons and smuons, Similarly, supersymmetric events may have a preference for
bottom jets, sometimes through decays involving top quarksbecause t̃1 is relatively light, and sometimes
because b̃1 is expected to be lighter than the squarks of the first two families, and sometimes for both
reasons. Other things being equal, the larger tanβ is, the stronger the preference for hadronic τ and b

†A possible exception occurs if the lighter top squark has no kinematically allowed flavor-preserving 2-body decays,
which requires mt̃1

< mÑ1
+ mt and mt̃1

< mC̃1
+ mb. Then the t̃1 will live long enough to form hadronic bound states.

Scalar stoponium might then be observable at the LHC via its rare γγ decay, allowing a uniquely precise measurment of
the mass through a narrow peak (limited by detector resolution) in the diphoton invariant mass spectrum [247, 248].
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and mq̃L , if mh0

is known. There are many other similar opportunities, depending on the specific sparticle spectrum.
These techniques generally will determine the sparticle mass differences much more accurately than the
individual masses; the mass of the unobserved LSP will be constrained but not precisely measured.†

Final state leptons appearing in the signals listed above might be predominantly tau, and so a
significant fraction will be realized as hadronic τ jets. This is because most models predict that τ̃1 is
lighter than the selectrons and smuons, Similarly, supersymmetric events may have a preference for
bottom jets, sometimes through decays involving top quarksbecause t̃1 is relatively light, and sometimes
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†A possible exception occurs if the lighter top squark has no kinematically allowed flavor-preserving 2-body decays,
which requires mt̃1

< mÑ1
+ mt and mt̃1

< mC̃1
+ mb. Then the t̃1 will live long enough to form hadronic bound states.

Scalar stoponium might then be observable at the LHC via its rare γγ decay, allowing a uniquely precise measurment of
the mass through a narrow peak (limited by detector resolution) in the diphoton invariant mass spectrum [247, 248].
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pair production with subsequent decays !̃ → !Ñ1, can also give an observable signal, especially at the
LHC. Another important possibility for the LHC, but probably not the Tevatron, is the single lepton
plus jets plus /ET signal [223]. It has large Standard Model backgrounds from processes with W → !ν.
However, at the LHC it also can have an extremely large rate from various sparticle production modes,
and may give the best discovery signal. One should also be aware of interesting signals that can appear
for particular ranges of parameters. For example, in a model studied in ref. [238], the only two-body
decay channel for the gluino is g̃ → bb̃1, with subsequent decays b̃1 → bÑ2 and Ñ2 → !+!−Ñ1 or
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ẽL, ẽR
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ẽ+

Figure 9.8: Diagrams for charged slepton pair production at e+e− colliders.

e+

e−

Z

ν̃!

ν̃∗
!

e+

e−

C̃i

ν̃e

ν̃∗
e

Figure 9.9: Diagrams for sneutrino pair production at e+e− colliders.

e+

e−

γ, Z

q̃

q̃∗

Figure 9.10: Diagram for squark production at e+e− colliders.

e+

e−

Z

h0

Z

∝ sin2(β − α)

e+

e−

Z

h0

A0

∝ cos2(β − α)

Figure 9.11: Diagrams for neutral Higgs scalar boson production at e+e− colliders.

95

“Typically” lighter than coloured states, but .....

Measuring couplings and mixing parameters requires some 
amount of polarization

Tests models of SUSY breaking, high scale predictions

Tuesday, June 28, 2011



5.. RECONSTRUCTINGHIGH-SCALE SUSY PARAMETERS 127

(a)Mi [GeV]

Q

(b)M2
i [GeV

2]

Q

Fig. 5.14: Running of (a) gaugino mass parameters and (b) first-generation sfermion mass parameters andM2
H,2 assuming 1%

errors on sfermion masses and heavy Higgs boson masses. The width corresponds to 1σ errors.

1.8

2

2.2

2.4

2.6

2.8

3 M2
E,1 M2

L,1 M2
D,1 M2

Q,1 M2
U,1 M2

E,3 M2
L,3 M2

D,3 M2
Q,3 M2

U,3 M2
H,1 M2

H,2

Fig. 5.15: The 1σ bands for the sfermion and Higgs mass parameters in TeV2 at MGUT. The following cases are considered:

(dark boxes) slepton masses can be measured with an accuracy of 2% and the remaining particle masses within 7%; (light gray

boxes) slepton masses can be measured with an accuracy of 2% and the remaining particle masses within 3%; (dark gray boxes)

sfermion and heavy Higgs boson masses can be measured with an accuracy of 1%.

[hep-ph/0412251]

LHC -MC synergy

June 17, 2010 16:50 WSPC - Proceedings Trim Size: 9in x 6in final

43

(up to two loops) see for example Ref. 50,
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7.3. Gaugino masses

The one-loop RGE for the gaugino masses are related to those for the gauge
couplings

d
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i Mi , (130)

which results in the interesting fact that at one loop,

d
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= 0 . (131)

Thus, if at the GUT scale, all the gauginos have the same mass - as is often
assumed in gravity mediation, or the gauginos masses are generated pro-
portional to their gauge coupling squared - as in minimal gauge mediation,
then there is a prediction for the gaugino mass spectrum. The so-called
unified gaugino mass boundary condition results in a ratio of masses at the
weak scale of,

M1 : M2 : M3 ≈ 1 : 2 : 7 . (132)

Resulting in a gluino significantly heavier than the charginos and neutrali-
nos.

7.4. Soft parameters

The SUSY breaking parameters have additive renormalisation. I consider
here, as examples, the left-handed stop mass and the soft masses for the
Higgs doublets,
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The LEP chargino mass bound is approximately mC̃1
< 103 GeV for mass differences mC̃1

−mÑ1
> 3

GeV, assuming that the chargino decays predominantly through a virtual W , or with similar branching
fractions. However, this bound reduces to about mC̃1

< 92 GeV for 100 MeV < mC̃1
− mÑ1

< 3 GeV.
For small positive mass differences 0 < mC̃1

− mÑ1
< 100 MeV, the limit is again about mC̃1

< 103
GeV, because the chargino is long-lived enough to have a displaced decay vertex or leave a track as it
moves through the detector. These limits assume that the sneutrino is heavier than about 200 GeV, so
that it does not significantly reduce the production cross-section by interference of the s- and t-channel
diagrams in fig. 9.6. If the sneutrino lighter, then the bound reduces, especially if mC̃1

−mν̃ is positive

but small, so that the decay C̃1 → ν̃! dominates but releases very little visible energy. More details on
these and many other limits from the LEP runs can be found at [255] and [256].

The LEP runs also have put a lower mass limit of 114 GeV on a Standard Model Higgs boson. If
the MSSM parameter space is close to the decoupling limit mA0 # mZ , this bound is valid also for h0.
However, the bound can be weakened considerably if the decoupling limit is badly violated, to about
mh0 < 92 GeV if there is no new CP violation in the soft supersymmetry breaking Lagrangian [257],
and it is weakened further if the MSSM is extended to include new singlet Higgs and higgsino states.

If supersymmetry is the solution to the hierarchy problem, then the LHC should be able to establish
strong evidence for it, and probably measure some of the sparticle mass differences, as discussed in
the previous subsection. However, many important questions will remain. Various competing theories
can also produce missing energy signatures. The overall mass scale of sparticles may not be known as
well as one might like. Sparticle production will be inclusive and overlapping and might be difficult
to disentangle. A future linear e+e− collider with

√
s ≥ 500 GeV [258]-[262] should be able to resolve

these issues, and establish more firmly that supersymmetry is indeed responsible, to the exclusion of
other ideas. In particular, the couplings, spins, gauge quantum numbers, and absolute masses of the
sparticles will all be measurable.

At a linear collider, the processes in eq. (9.21) can all be probed close to their kinematic limits,
given sufficient integrated luminosity. (In the case of sneutrino pair production, this assumes that some
of the decays are visible, rather than just ν̃ → νÑ1.) Establishing the properties of the particles can
be done by making use of polarized beams and the relatively clean e+e− collider environment. For
example, consider the production and decay of sleptons in e+e− → !̃+!̃− with !̃ → !Ñ1. The resulting
leptons will have (up to significant but calculable effects of initial-state radiation, beamstrahlung, cuts,
and detector efficiencies and resolutions) a flat energy distribution as shown in fig. 9.12. By measuring
the endpoints of this distribution, one can precisely and uniquely determine both m

!̃R
and m

Ñ1
. There

is a large W+W− → !+!′−ν!ν̄!′ background, but this can be brought under control using angular
cuts, since the positively (negatively) charged leptons from the background tend to go preferentially
along the same direction as the positron (electron) beam. Also, since the background has uncorrelated
lepton flavors, it can be subtracted. Changing the polarization of the electron beam will even further
reduce the background, and will also allow controlled variation of the production of right-handed and
left-handed sleptons, to get at the electroweak quantum numbers.

More generally, inclusive sparticle production at a given fixed e+e− collision energy will result in a
superposition of various sharp kinematic edges in lepton and jet energies, and distinctive distributions
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Events/GeV

E!EmaxEmin

The LEP chargino mass bound is approximately mC̃1
< 103 GeV for mass differences mC̃1

−mÑ1
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Fig. 5.6: Left panel: Muon energy spectrum in the decay µ̃L → µχ̃0
1 for the benchmark point H, corresponding to

Mµ̃L = 1150 GeV and Mχ̃0
1
= 660 GeV, as obtained for

√
s = 3 TeV, assuming the baseline CLIC luminosity spectrum.

Right panel: Accuracy in the determination of the µ̃L and χ̃0
1 masses by a two-parameter fit to the muon energy distribution.

The lines give the contours at 1σ, 68% and 95% C.L. for 1 ab−1 of data at
√

s = 3 TeV.

the main issue is the significant beamstrahlung smearing of the luminosity spectrum, and thus of the

effective Ebeam value. The corresponding effect has been estimated by assuming both a perfectly well

known and constant beam energy and the smearing corresponding to the baseline CLIC parameters at a

nominal
√

s = 3 TeV. Results are summarized in Table 5.1 for the original version of benchmark point
H. Since the updated post-WMAP version of point H has smallerm1/2 andm0, it would present a lesser

experimental challenge.

Table 5.1: Results of a one-parameter χ2 fit to the muon energy distribution for benchmark point H, obtained under different

assumptions on the δp/p2 momentum resolution and the beamstrahlung spectrum. Accuracies are given for an integrated

luminosity of 1 ab−1.

δp/p2 Beamstrahlung Fit result (GeV)

0 none 1150 ± 10

3.0 × 10−5 none 1150 ± 12

4.5 × 10−5 none 1151 ± 12

4.5 × 10−5 standard 1143± 18

The smuon mass has been extracted by a χ2 fit to the muon energy spectrum by fixing Mχ̃0
1
to

its nominal value (see Table 5.1). The fit has been repeated, leaving both masses free and performing a

simultaneous two-parameter fit. The results areMµ̃L = (1145 ± 25) GeV and Mχ0
1
= (652 ± 22) GeV

(see Fig. 5.6).
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Figure 3: Differential cross-section dσ/d cos θµ for UED (blue, top) and supersymmetry (red,
bottom) as a function of the muon scattering angle θµ. The figure on the left shows the ISR-
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case of UED (supersymmetry). The data points are the combined signal and background events,
while the yellow-shaded histogram is the signal only.

Distributions (4.2) and (4.3) are sufficiently distinct to discriminate the two cases.

However, the polar angles θ of the original KK-muons and smuons are not directly observ-

able and the production polar angles θµ of the final state muons are measured instead. But

as long as the mass differences Mµ1 − Mγ1 and Mµ̃ − Mχ̃0
1

respectively remain small, the

muon directions are well correlated with those of their parents (see Figure 3a). In Fig. 3b

we show the same comparison after detector simulation and including the SM background.

The angular distributions are well distinguishable also when accounting for these effects.

By performing a χ2 fit to the normalised polar angle distribution, the UED scenario con-

sidered here could be distinguished from the MSSM, on the sole basis of the distribution

shape, with 350 fb−1 of data at
√

s = 3 TeV.

4.2 Threshold scans

At the e+e− linear collider, the muon excitation masses can be accurately determined

through an energy scan of the onset of the pair production threshold. This study not only

determines the masses, but also confirms the particle nature. In fact the cross sections for

the UED processes rise at threshold ∝ β while in supersymmetry their threshold onset is

∝ β3, where β is the particle velocity.

Since the collision energy can be tuned at properly chosen values, the power rise of the

cross section can be tested and the masses of the particles involved measured. We have

studied such threshold scan for the e+e− → µ+
1 µ−

1 → µ+µ−γ1γ1 process at
√

s = 1 TeV,

for the same parameters as in Table 1. We account for the anticipated CLIC centre-of-mass

energy spread induced both by the energy spread in the CLIC linac and by beam-beam

effects during collisions. This been obtained from the detailed GuineaPig beam simulation

– 8 –

LHC -MC synergy

Q: See new states, how do we know it’s SUSY?

A: Spin

dσ

d cos θ
∝ 1 ± cos

2
θ

[hep-ph/0502041]
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Dark Matter

In SUSY and many complete “top-down” models precise 
measurements of masses and couplings allows us to test 

cosmology in the collider 

LSP (neutralino) as a WIMP
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Figure 9.13: Contributions to the annihilation cross-section for neutralino dark matter LSPs from (a)
t-channel slepton and squark exchange, (b) near-resonant annihilation through a Higgs boson (s-wave
for A0, and p-wave for h0, H0), and (c) t-channel chargino exchange.
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Figure 9.14: Some contributions to the co-annihilation of dark matter Ñ1 LSPs with slightly heavier
Ñ2 and C̃1. All three diagrams are particularly important if the LSP is higgsino-like, and the last two
diagrams are important if the LSP is wino-like.
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Figure 9.15: Some contributions to the co-annihilation of dark matter Ñ1 LSPs with slightly heavier
sfermions, which in popular models are most plausibly staus (or perhaps top squarks).

If Ñ1 is mostly higgsino or mostly wino, then the the annihilation diagram fig. 9.13c and the co-
annihilation mechanisms provided by fig. 9.14 are typically much too efficient [271, 272, 273] to provide
the full required cold dark matter density, unless the LSP is very heavy, of order 1 TeV or more. This
is often considered to be somewhat at odds with the idea that supersymmetry is the solution to the
hierarchy problem. However, for lighter higgsino-like or wino-like LSPs, non-thermal mechanisms can
be invoked to provide the right dark matter abundance [176, 274].

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Ñ1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to 〈σv〉. The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. 9.13a is effective in reducing
the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes from ẽR, µ̃R, and τ̃1 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon “bulk region”, because it corresponded to the main allowed region
with dark matter density less than the critical density, before ΩDMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 9.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the minimal supergravity

100
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mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Ñ1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to 〈σv〉. The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. 9.13a is effective in reducing
the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes from ẽR, µ̃R, and τ̃1 slepton exchange. The region of parameter space where this works out right
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with dark matter density less than the critical density, before ΩDMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 9.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the minimal supergravity
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DM as a thermal relic

A weak scale particle (WIMP) freezes out to leave the 
correct relic abundance - the WIMP “miracle”

“The weak shall inherit the Universe”

WIMP

superWIMP

FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)

16

Ωh2 ≈ 0.1
(

m/T

20

) ( g∗
80

)−1
(

3× 10−26cm2s−1

σv

)

χχ ↔ f̄f

〈σv〉 ∼ α2
W

M2
W

∼ 1 pb ∼ 3× 10−26cm2s−1

Amazing (misleading?) fact: 
[Feng and Kumar]
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
σ as function of WIMP mass mχ. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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dark matter with !h2 ¼ 0:1 [21].
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1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

Dark Matter at the Tevatron

pT (j1) > 80 GeV

/ET > 80 GeV

pT (j2) < 30 GeV

pT (j3) < 20 GeV

[arXiv:1005.3797]
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LEP can place bounds on DM-electron coupling

Alternative avenue of attack, “cleaner” environment

Hadrophobic DM proposed as explanation of DAMA

Equal couplings to quarks and leptons?

3

2. THE INTERACTION OF DARK MATTER WITH LEPTONS

In order to produce dark matter at LEP it must couple to electrons. In many models this may
occur via the exchange of a heavy mediator that can be integrated out of the theory at low energies.
In that case one can describe the phenomenology in an effective field theory with higher dimension
operators coupling the dark matter particle χ to standard model leptons " = e, µ, τ . This allows
us to consider a large variety of dark matter phenomena without committing to a particular high
energy framework2. We will be considering the operators

OV =
(χ̄γµχ)("̄γµ")

Λ2
, (vector, s-channel) (1)

OS =
(χ̄χ)("̄")

Λ2
, (scalar, s-channel) (2)

OA =
(χ̄γµγ5χ)("̄γµγ5")

Λ2
, (axial vector, s-channel) (3)

Ot =
(χ̄")("̄χ)

Λ2
, (scalar, t-channel) (4)

which capture the essential dark matter and collider phenomenology (e.g. spin dependent and spin
independent scattering on nucleons as well as s- and p- wave annihilation). The classification of
these operators as s-channel or t-channel refers to their possible UV-completion: (1)–(3) are most
straightforwardly obtained in models in which dark matter is produced at LEP through a neutral
s-channel mediator, while eq. (4) arises most naturally if the mediator is a charged scalar exchanged
in the t-channel. With such a UV completion in mind, the suppression scale Λ can be interpreted
as the mass of the mediator M , divided by the geometric mean of its couplings to leptons, g!, and
dark matter, gχ: Λ = M/

√
g!gχ. Note that we assume lepton flavor to be conserved in the dark

matter interaction. LEP can only constrain couplings to electrons, " = e, and in principle the
suppression scale Λ could be different for couplings to µ and τ leptons. In the following discussion,
we will therefore consider both scenarios in which dark matter couples only to electrons (i.e. Λ = ∞
for " = µ, τ) and scenarios in which dark matter couples in a flavor-universal way to all standard
model leptons. Note that the last operator, eq. (4), may be transformed into a linear combination
of the first three operators, plus pseudoscalar and tensor contributions, using the Fierz identities,
but we include it separately here because it is a common outcome of supersymmetric theories.

The effective theory described by equations (1)–(4) is always a valid description of processes
with low momentum transfer, in particular dark matter-nucleon scattering in direct detection
experiments. In high energy processes such as dark matter production at LEP or dark matter
annihilation, the effective theory breaks down if the 4-momentum transfer is comparable to or
larger than the mass of the particle mediating the interaction. In the first part of our analysis in
sections 3–5, we assume that this is not the case, and derive bounds on the operators (1)–(4) from
LEP mono-photon searches, which we will then translate into constraints on direct and indirect
dark matter detection cross sections. In section 6 we will investigate how these bounds change if
the mediator of dark matter interactions is light so that an effective theory description is no longer
possible.

2 Indeed, several recent studies have used effective theories to analyze and draw connections among dark matter
experiments [12–16].

q ↔ !

Mono-jets      Mono-photons↔

[arXiv:1103.0240]DM at LEP
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Figure 1: Distribution of normalized photon energy in single-photon events at DELPHI. The agreement
between the data (black dots with error bars) and both the full DELPHI Monte Carlo (solid yellow/light
gray shaded histogram) as well as our CompHEP simulation (dotted histogram) is excellent. The blue
shaded histogram shows what a hypothetical Dark Matter signal from e+e− → γχ̄χ would look like. We
have assumed vector-type contact interactions between electrons and dark matter, mχ = 10 GeV, and
Λ = 300 GeV, see eq. (1). The peak at xγ ∼ 0.8 corresponds to the process e+e− → γZ0 → γνν̄, with an
on-shell Z0.

3. LEP LIMITS ON THE EFFECTIVE DARK MATTER–ELECTRON COUPLING

In this section we will consider the operators (1)–(4) and derive limits on their suppression scale
Λ from mono-photon searches at LEP. While all four LEP-detectors have studied single photon
events [17], we will here focus on data from the DELPHI experiment [18, 19], for which we were
best able to simulate the detector response. The data was taken at center of mass energies between
180 GeV and 209 GeV, but since in the analysis the events are characterized only by the relative
photon energy xγ = Eγ/Ebeam, we can make the simplifying assumption that all data was taken at
an energy of 100 GeV per beam. We have checked that the error introduced by this approximation
is small. For our Monte Carlo simulations, we use CompHEP [20, 21], which allows us to include
the effect of initial state radiation (ISR) which we find to be non-negligible. For example, we are
only able to reproduce the height and width of the on-shell Z0 peak in the xγ distribution for the
background process e+e− → γνν̄ (cf. Figure 1) if ISR is included.

To analyze the event samples generated in CompHEP, we use a modified version of MadAnaly-
sis [22], in which we have implemented the analysis cuts and efficiencies of the DELPHI analysis as
well as energy smearing according to the resolution of the DELPHI electromagnetic calorimeters.
In doing so, we closely follow ref. [18].

In DELPHI, central photons with a polar angle θ (with respect to the beam axis) in the range
45◦ < θ < 135◦ are detected in the High Density Projection Chamber (HPC) with a threshold
of xγ > 0.06. We assume the trigger efficiency for photons in the HPC to increase linearly from
52% at Eγ = 6 GeV to 77% at 30 GeV, and then to 84% at 100 GeV. The trigger efficiency is
multiplied by the efficiency of the subsequent analysis, which we assume to increase linearly from
41% at 6 GeV to 78% at 80 GeV and above.

For photons with 12◦ < θ < 32◦, detected in the Forward Electromagnetic Calorimeter (FEMC),

LEP is cleaner, use spectral information
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Figure 3: DELPHI upper limits (thick lines) on the cross section for dark matter-nucleon scattering compared
to results from direct detection experiments (thin lines and shaded regions). The left-hand plot is for spin-
independent scattering, as would come from operators OS , OV , Ot, and the right is for spin-dependent
scattering through operator OA. The spin-independent limits of CDMS and XENON-100 are taken from
Refs. [30] and [31], respectively. The spin-dependent limits of DAMA, XENON-10, PICASSO, COUPP
and SIMPLE are taken from Refs. [10], [32], [33], [34] and [35], respectively. The DAMA and CoGeNT-
allowed regions are based on our own fit [36] to the data from Refs. [10] and [11]. Following [37], we have
conservatively assumed large systematic uncertainties on the DAMA quenching factors: qNa = 0.3± 0.1 for
sodium and qI = 0.09 ± 0.03 for iodine. All limits are computed at the 90% confidence level, while the
DAMA and CoGeNT allowed regions are shown at the 90% and 3σ confidence levels.

scattering (left-hand plot) are competitive with direct detection results only for very light dark
matter, mχ ! 4 GeV. The direct detection experiments become insensitive to such light masses
due to their energy threshold, whereas there is no such low mass threshold at LEP. The high
mass cutoff at LEP is reflected in the rapid deterioration of the upper bound at mχ ∼ 90 GeV.
The LEP bound also applies directly to inelastic dark matter [38], since the splitting between the
two dark matter states of ∼ 100 keV is inconsequential to the kinematics at LEP. However, such
models typically require considerably larger dark matter-nucleon cross sections than elastic dark
matter, since the splitting allows only the high velocity fraction of the dark matter to scatter. Our
bounds derived from LEP rule out the very highest scattering cross sections in the parameter space
consistent with DAMA [36], but still leave the bulk of the parameter space allowed.

For spin-dependent scattering we expect the LEP bounds to be more competitive since there is
little variation in the bound on Λ between the operators responsible for spin-independent scatter-
ing (OV and OS) and spin-dependent scattering (OA), whereas constraints from direct detection
experiments are much weaker than in the spin-independent case. The reason for this is that, unlike
spin-independent dark matter-nucleus scattering, spin-dependent scattering is not enhanced by a
factor A2, where A is the nuclear mass number. These considerations are reflected in the right-hand
plot of Figure 3 where the LEP limits surpass direct detection constraints for mχ ! 80 GeV at
which point the phase space for dark matter production at LEP again starts to shrink.

If dark matter does not couple to quarks at tree level, but only to leptons (for simplicity we
assume the coupling to µ and τ is the same as that to e, our conclusions are not significantly altered
even if the coupling were only to electrons), the power of the LEP limits improves dramatically.
The reason is that in this case, dark matter-quark scattering to which direct detection experiments

Equal couplings to all fermions
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Conclusions

LHC will soon inform us about the Higgs and the 
solution to the hierarchy problem 
Whether SUSY or another BSM model we must quickly 
determine what a MC can tell us
Ideal for precision determination of BSM parameters
Probe DM in the lab, free of astrophysics uncertainties

Nature may soon help us with the benchmarks
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