
Measuring the spin of SUSY particles

SUSY:
• every SM fermion (spin 1/2) ↔ SUSY scalar (spin 0)
• every SM boson (spin 1 or 0) ↔ SUSY fermion (spin 1/2)
Want to check experimentally that (e.g.) ẽL,R are really spin 0 and C̃1,2 are
really spin 1/2. 2

preserve the 5th dimensional momentum (KK number).
The corresponding coupling constants among KK modes
are simply equal to the SM couplings (up to normaliza-
tion factors such as

√
2). The Feynman rules for the KK

modes can easily be derived (e.g., see Ref. [8, 9]).
In contrast, the coefficients of the boundary terms are

not fixed by Standard Model couplings and correspond
to new free parameters. In fact, they are renormalized
by the bulk interactions and hence are scale dependent
[10, 11]. One might worry that this implies that all pre-
dictive power is lost. However, since the wave functions
of Standard Model fields and KK modes are spread out
over the extra dimension and the new couplings only
exist on the boundaries, their effects are volume sup-
pressed. We can get an estimate for the size of these
volume suppressed corrections with naive dimensional
analysis by assuming strong coupling at the cut-off. The
result is that the mass shifts to KK modes from bound-
ary terms are numerically equal to corrections from loops
δm2

n/m2
n ∼ g2/16π2.

We will assume that the boundary terms are symmetric
under the exchange of the two orbifold fixed points, which
preserves the KK parity discussed below. Most relevant
to the phenomenology are localized kinetic terms for the
SM fields, such as

δ(x5) + δ(x5 − πR)

Λ

[
G4(Fµν)2 + F4Ψi/DΨ+ F5Ψγ5∂5Ψ

]
,

(2)

where the dimensionless coefficients G4 and Fi are arbi-
trary and not universal for the different Standard Model
fields. These terms are important phenomenologically for
several reasons: (i) they split the near-degeneracy of KK
modes at each level, (ii) they break KK number conserva-
tion down to a KK parity under which modes with odd
KK numbers are charged, (iii) they introduce possible
new flavor violation.

Since collider signatures depend strongly on the values
of the boundary couplings it is necessary to be definite
and specify them. A reasonable ansatz is to take flavor-
universal boundary terms. Non-universalities would give
rise to FCNCs as in supersymmetry with flavor violating
scalar masses. This still leaves a large number of free pa-
rameters. For definiteness, and also because we find the
resulting phenomenology especially interesting, we make
the assumption that all boundary terms are negligible at
some scale Λ > R−1. This defines our model.

Note that this is completely analogous to the case of
the Minimal Supersymmetric Standard Model (MSSM)
where one has to choose a set of soft supersymmetry
breaking couplings at some high scale, before studying
the phenomenology. Different ansaetze for the parame-
ters can be justified by different theoretical prejudices but
ultimately one should use experimental data to constrain
them. In a sense, our choice of boundary couplings may
be viewed as analogous to the simplest minimal super-
gravity boundary condition – universal scalar and gaug-
ino masses. Thus the model of MUEDs is extremely pre-

FIG. 1: One-loop corrected mass spectrum of the first KK
level in MUEDs for R

−1 = 500 GeV, ΛR = 20 and mh = 120
GeV.

FIG. 2: Radiative corrections (in %) to the spectrum of the
first KK level for R

−1 = 500 GeV, versus ΛR.

dictive and has only three free parameters:

{R,Λ, mh} , (3)

where mh is the mass of the Standard Model Higgs boson.
The low energy KK spectrum of MUEDs depends on

the boundary terms at low scales which are determined
from the high energy parameters through the renormal-
ization group. Since the corrections are small we use the
one-loop leading log approximations. In addition to the
boundary terms we also take into account the non-local
radiative corrections to KK masses. All these were com-
puted at one-loop in [10].

A typical spectrum for the first level KK modes is
shown in Fig. 1. Fig. 2 shows the dependence of the split-
tings between first level KK modes on the cutoff scale Λ.
Typically, the corrections for KK modes with strong in-
teractions are > 10% while those for states with only

Model with a 500 GeV-size extra
dimension could give a rather SUSY-
like spectrum!

We could be fooled into thinking we discovered SUSY, when it is really extra
dimensions!
EDim: “Kaluza-Klein excitations” (heavier copies) of SM particles:

same spin as SM “partners”.
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Measuring spin at an e+e− collider: threshold dependence of cross section.
Consider direct production of slepton pairs; compare to direct production of
KK lepton pairs.

Scalar pair production ff̄ → γ∗, Z∗ → ˜̀+˜̀− (sleptons):

σ ∝ β3 (1)

Fermion pair production ff̄ → γ∗, Z∗ → `+1 `−1 (KK leptons):

σ ∝ β(3− β2) (2)

where β = p/E =
√

1− 4m2/s is the velocity of the produced particle.

Can do a threshold scan: scan the e+e− beam energy across 2m˜̀ (measured

from kinematic endpoint techniques!).
• Get the spin from β dependence of threshold.
• Also get very precise mass measurement.
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Another way to measure spin: angular distribution of pair production.
Consider direct production of slepton pairs; compare to direct production of
KK lepton pairs.

Scalar pair production ff̄ → γ∗, Z∗ → ˜̀+˜̀− (sleptons):

dσ

d cos θ
∝ 1− cos2 θ (3)

Fermion pair production ff̄ → γ∗, Z∗ → `+1 `−1 (KK leptons):

dσ

d cos θ
∝ 1 +

(
E2 −M2

E2 + M2

)
cos2 θ (4)

where throughout this paper ! is understood to mean electron or muon only. Since
sleptons are scalars, the angluar distribution for Drell-Yan slepton pair production

is (
dσ

d cos θ∗

)
SUSY

∝ 1 − cos2 θ∗ (2.2)

where θ∗ is the angle between the incoming quark in one of the protons and the pro-
duced slepton. Slepton pair production via gauge boson fusion [8] is not considered
here, but it would become important for sleptons with masses greater than about

300 − 400 GeV. For comparison we use a pure phase space distribution,(
dσ

d cos θ∗

)
PS

∝ constant . (2.3)

The phase space distribution does not correspond to any physical model, but does
provide a convenient benchmark against which to compare the SUSY distribution.

We also compare against the UED equiv-
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Figure 1: Production angular distribu-

tions, dp
d cos θ∗ , for scalar sleptons (SUSY),

spin-1
2KK leptons UED and pure phase

space (PS). The mass spectrum for the

UED distribution is that of SUSY point S5

(see section 3).

alent of eq. 2.1,

qq̄ → Z0/γ → !+
1 !−1 → γ1 !+γ1 !− . (2.4)

which has the characteristic distribution
for spin-1

2 KK leptons:

(
dσ

d cos θ∗

)
UED

∝ 1+

(
E2

"1
− M2

"1

E2
"1

+ M2
"1

)
cos2 θ∗ ,

(2.5)
where E"1 and M"1 are the energy and mass
respectively of the KK leptons in the center-

of-mass frame. The three different pro-
duction angular distributions are shown graph-

ically in fig. 1.
The different angular distributions pro-

vide a mechanism for determining the heavy

particle spin. Excited leptons (selptons or
KK-leptons) which are produced significantly above threshold will have decays which

are boosted in the lab frame. This means that a pair of leptons from slepton decays
(eq. 2.2) should be on average less widely separated in polar angle than the pair from

phase space (eq. 2.3) or KK-lepton pair production (eq. 2.5).
It has already been suggested [9, 10] that the final state lepton angular distri-

butions could be used at a future high-energy e+e− linear collider to distinguish

between UED and SUSY models. With a proton-proton collider such as the LHC,
it is not possible to measure the lepton angluar distributions in the parton-parton

center-of-mass frame – the initial z-momenta of the incoming partons are not known,

3

from hep-ph/0511115

Also for comparison a pure “phase
space” (uniform distribution) is shown:
dσ/d cos θ = constant.
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• Particles decay, ˜̀+˜̀− → `+Ñ1`−Ñ1 or `+1 `−1 → `+γ1`−γ1

In e+e− this is not a problem: can still reconstruct ˜̀+˜̀− directions
(with “background” from wrong reconstruction)
3.2 Sleptons III-63

Figure 3.2.3: Angular distribution of
smuons (two entries per event) in the

reaction e−Re+
L → µ̃Rµ̃R → µ−χ̃0

1 µ+χ̃0
1.

The hatched histogram represents the
false solution.

A more direct method is to measure the angular distribution of the sleptons. Using
the masses of the particles involved the event kinematics allows the slepton directions
to be reconstructed up to a twofold ambiguity. The wrong solution turns out to be
flat in cos ϑ and can be subtracted. The smuon angular distribution for e−Re+

L → µ̃Rµ̃R

production is displayed in Fig. 3.2.3 and clearly exhibits the expected behaviour of a
scalar spin 0 particle. The association of "̃R and "̃L to their right-handed and left-
handed SM partners can be unambiguously done by studying the dependence of the
production cross section on the electron and/or positron beam polarisation.

Precise mass measurements allow the flavour dependence of the underlying super-
symmetry model to be checked at the level of one per mil for the first two slepton
generations and to a few per mil for the stau family. An important application is to
test general SUSY mass relations. The tree level prediction

m2
!̃L

− m2
ν̃!

= −M2
W cos 2 β (3.2.2)

offers a model independent determination of tan β from the slepton sector. Using
typical measurements as given in Table 3.2.1 one finds tanβ = 3.0±0.1. The sensitivity
degrades at larger tan β values to tan β # 10 ± 5.

In the case of large tan β ∼ 30 the slepton analyses of the first and second generation
remain essentially unaffected. Major differences occur in the stau sector where a large
mass splitting between τ̃R and τ̃L is expected. The physical eigenstates are mixed,
τ̃1 = τ̃L cos θτ̃ + τ̃R sin θτ̃ and τ̃2 = τ̃R cos θτ̃ − τ̃L sin θτ̃ , and are no longer degenerate
with the selectron and smuon masses. These properties allow tanβ to be accessed via
the relation

µ tanβ = Aτ − (m2
τ̃1 − m2

τ̃2) sin 2 θτ̃

2 mτ
, (3.2.3)

which follows from the diagonalisation of the τ̃ mass matrix. If the directly measurable
quantities mτ̃1 , mτ̃2 and θτ̃ can be determined to ∼ 1% and µ to ∼ 1% (from the
chargino sector), one can extract tanβ with an accuracy of O(10%), dominated by
large uncertainties on the value of Aτ .

It has been noted that the polarisation Pτ of tau’s in the decay τ̃1 → τχ̃0
1 is very

sensitive to tanβ if it is large or if χ̃0
1 has a large higgsino component [9]. The Pτ

measurement is based on the characteristic energy distributions of the decay products

from Tesla TDR, hep-ph/0106315

• At LHC, more difficult: CM frame is boosted longitudinally
Measure instead the lepton polar angle in the `+`− CM frame
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Figure 5: The points show the cos θ∗ll distribution for the S5 signal sample ("̃+"̃− →

χ̃0
1"

+ χ̃0
1"

−) after an integrated luminosity of 200 fb−1. The lines show the predictions for

angular distributions according to supersymmetry (solid black line, eq. 2.2), phase space

(dotted blue line, eq. 2.3), and universal extra dimensions (dashed red line, eq. 2.5). The

error bars on the data show the statistical uncerainty on: inner error bar: SUSY signal

only; intermediate error bar: inclusive SUSY with the SUSY background subtracted; outer

error: inclusive SUSY with both the SUSY and the SM backgrounds subtracted. The

narrow shaded band around the SUSY expectation shows how it is modified when the

sparticle masses are simultaneously changed for all sparticles by ±20 GeV, as described in

section 4.4. Systematic uncertainties in the SUSY and SM background subtraction are not

included here, but are discussed in sections 4.2 and 4.3.

space one or the UED-like one. This means cos θ∗ll does indeed measure the spin of
the sleptons for this point.

In fig. 6 we present the statistical separation expected for our test points (S5

and the Snowmass points) as a function of integrated luminosity. The significance
indicated is shows the gaussian-equivalent significance of each of two tests:

1. A test comparing the SUSY angular distribution (eq. 2.2) to the phase space
one (eq. 2.3) – demonstrating that there is sensitivity to spin in the dynamics;

and separately,

2. A test comparing the SUSY angular distribution to the UED-like one (eq. 2.5)

10

from hep-ph/0511115

Still has some sensitivity

Need to select events with direct slepton pair
production.
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Another method for LHC: look at a decay chain

Example:
• q̃ → qÑ2 → q`±˜̀∓ → q`+`−Ñ1 in SUSY
• q1 → qZ1 → q`±`∓1 → q`+`−γ1 in EDim

SUSY: q̃

χ̃0
2

"̃∓
L

χ̃0
1

UED: Q1

Z1

"∓1

γ1

q

"± (near)

"∓ (far)

FIG. 10: Twin diagrams in SUSY and UED. The upper (red) line corresponds to the cascade decay

q̃ → qχ̃0
2 → q"±"̃∓L → q"+"−χ̃0

1 in SUSY. The lower (blue) line corresponds to the cascade decay

Q1 → qZ1 → q"±"∓1 → q"+"−γ1 in UED. In either case the observable final state is the same:

q"+"− /ET .

analogous decay chain Q1 → qZ1 → q!±!∓1 → q!+!−γ1 in UED [11, 12]. Both of these

processes are illustrated in Fig. 10.

FIG. 11: Lepton-quark invariant mass distributions in (a) UED with R−1 = 500 GeV and (b)

supersymmetry with a matching sparticle spectrum. We show separately the distributions with

the near and far lepton, and their sum. The positive (negative) charge leptons are shown in red

(blue).

Next, one forms the lepton-quark invariant mass distributions M!q (see Fig. 11). The

spin of the intermediate particle (Z1 in UED or χ̃0
2 in SUSY) governs the shape of the

distributions for the near lepton. However, in practice we cannot distinguish the near and

far lepton, and one has to include the invariant mass combinations with both leptons. This

tends to wash out the spin correlations, but a residual effect remains, which is due to the

26

Form Mq` invariant mass dist’n with first (near) lepton
Shape depends on spin of intermediate particle:
• Ñ2 in SUSY – spin 1/2
• Z1 in EDim – spin 1

But: hard to distinguish the first (near) lepton from the second (far) lepton.
Tends to wash out spin correlations.
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Idea: use a charge asymmetry between q`+ and q`−

How does this work?
Ñ2 typically mostly W̃ 0: couples to LH fermions / RH antifermions
Helicity conservation causes an M`q difference between `+ and `−:
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Fig. 3. Invariant mass distributions of (a) lnearq and (b) lnearq̄, at the parton level.
The triangles are for a negatively charged near lepton, while the circles are for a
positively charged near lepton. For the test point the on-shell kinematic maximum
is 413.4 GeV. Note that these distributions cannot be measured directly by the
experiment.
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Fig. 4. (a) The parton distribution functions used in this Letter plotted at factor-
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F = 1 TeV2 [7]. (b) 2-dimensional histogram of the values of x1 and
x2 sampled by the Monte Carlo in sparticle pair production at the mSUGRA point
investigated.
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Fig. 5. Invariant mass distributions of (a) lfarq and (b) lfarq̄, at the parton level.
The circles indicate the distribution for the negatively charged far lepton, while the
triangles are for the positively charged far lepton. Note that these distributions,
like fig. 3, cannot be directly measured by the experiment. The explanation for the
charge asymmetry is given in the text.
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Fig. 6. (a) The l+q (squares) and l−q (triangles) invariant mass distributions, and
(b) the charge asymmetry A+− (eq. 11) at the parton level. These distributions
have folded-in the indistinguishability of the near and far leptons, and quark vs.
anti-quark jets.

11

from hep-ph/0405052
Summing over q̃ + q̃∗ would wash this out again EXCEPT:
LHC is a pp collider: more q than q̄ in PDFs.
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Make a lepton charge asymmetry:

A+− =
s+ − s−

s+ + s−
, s± =

dσ

d(M`±q)
(5)

• For SUSY there’s a dependence of the charge asymmetry on M`q.

• For the Extra Dimension model there’s also a dependence (because Z1

couples differently to LH and RH fermions) but different from that of SUSY
(because Z1 is spin 1, not spin 1/2).

FIG. 12: Comparison of the charge asymmetry A+− defined in eq. (8) as computed in the case of

UED with R−1 = 500 GeV and the case of supersymmetry with a matching sparticle spectrum.

different number of quarks and antiquarks in the proton, which in turn leads to a difference

in the production cross-sections for squarks and anti-squarks [9]. The spin correlations are

encoded in the charge asymmetry [9]

A+− ≡
(

dN(q!+)

dMql

− dN(q!−)

dMql

)/ (
dN(q!+)

dMql

+
dN(q!−)

dMql

)
, (8)

where q stands for both a quark and an antiquark, and N(q!+) (N(q!−)) is the number of

entries with positively (negatively) charged lepton. Our comparison between A+− in the

case of UED and SUSY [11, 12] is shown in Fig. 12. We see that although there is some

minor difference in the shape of the asymmetry curves, overall the two cases appear to be

very difficult to discriminate unambiguously, especially since the regions near the two ends

of the plot, where the deviation is the largest, also happen to suffer from poorest statistics.

Notice that we have not included detector effects or backgrounds. Finally, and perhaps most

importantly, this analysis ignores the combinatorial background from the other jets in the

event, which could be misinterpreted as the starting point of the cascade depicted in Fig. 10.

Overall, Fig. 12 shows that although the asymmetry (8) does encode some spin correlations,

distinguishing between the specific cases of UED and SUSY appears challenging. These

results have been recently confirmed in [14], where in addition the authors considered a

study point with larger mass splittings, as expected in typical SUSY models. Under those

27

from hep-ph/0509246
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Dark Matter

How do we know about dark matter?
→ Purely through its gravitational effects.

“Weigh the stars” by their gravitational effects:

More matter in our galaxy than what we see in stars, gas, dust, etc
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On a larger scale, bending of light by matter lets us reconstruct the distribu-
tion of mass in galaxy clusters.
Gravitational lensing of background galaxies by foreground cluster: recon-
struct mass distribution of cluster

Again, much more mass than we see in stars, gas, dust, etc in the cluster
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• Temperature fluctuations in the
Cosmic Microwave Background

Measure total matter density
and baryon density separately!

Consistent with big bang nucleosynthesis →

• Baryons 4%
• Nonbaryonic dark matter 23%

known to ±10% precision!
• Dark energy 73%
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Figure 1: Big Bang nucleosynthesis predictions for the abundances of light elements
as a function of the baryon over photon ratio η or Ωbh

2 [156]. From Ref. [235].

• T = 2.7K ∼ 10−4 eV. Today.

1.5 Relic Density

We briefly recall here the basics of the calculation of the density of a thermal
relic. The discussion is based on Refs. [340, 260, 447] and we refer to them for
further comments and details.

A particle species in the early Universe has to interact sufficiently or it
will fall out of local thermodynamic equilibrium. Roughly speaking, when its
interaction rate drops below the expansion rate of the Universe, the equilibrium
can no longer be maintained and the particle is said to be decoupled.

10
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Thermal production of dark matter

Early universe:
DM particles in thermal equilibrium with ordinary SM particles.

Pair production ↔ pair annihilation in balance.
Universe cools and expands...
DM particle abundance drops as annihilation outpaces pair production.
Annihilation continues until DM particle density becomes so low that DM
particles cannot find each other.
→ “freeze-out” of DM relic density:

determined by annihilation cross section.
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What is the dark matter?

SUSY with exact R-parity has a natural dark matter candidate:
electrically neutral, stable LSP!

(There are other non-SUSY possibilities, but I won’t talk about them here.)

Within SUSY, there are a few candidates:
• lightest sneutrino? • lightest neutralino? • gravitino?

• Sneutrino LSP:
Easy enough to find parameters to give correct relic abundance.
However, sneutrinos scatter off ordinary matter via Z exchange:

same gauge coupling as ordinary neutrinos
→ use this to do direct search (more later)
Scattering cross section quite large – sneutrino dark matter now ruled out.

• Neutralino LSP: the favoured possibility.
How do we get the appropriate (measured) relic abundance?
Need a neutralino with the right combination of mass and annihilation cross
section.

Many ways Ñ1 can annihilate:
multiple regions of parameter space that give the right relic abundance.
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Neutralino annihilation
mSUGRA is general enough to illustrate most of the possibilities

Figure 11: The (m1/2, m0) planes for mSUGRA with (a) tan β = 10, µ > 0, (b)
tanβ = 10, µ < 0, (c) tan β = 35, µ < 0, and (d) tanβ = 50, µ > 0. In each panel, the
region allowed by the older cosmological constraint 0.1 ≤ Ωχh2 ≤ 0.3 has cyan shading,
and the region allowed by the newer cosmological constraint 0.094 ≤ Ωχh2 ≤ 0.129
has dark blue shading. For more details, see Ref. [217].

A recent study of mSUGRA parameter space in light of the WMAP mea-
surement of the dark matter relic density can be found in Ref. [217]. We show in
Fig. 11 and Fig. 12 the regions of the (m1/2, m0) plane consistent with CMB and
accelerator data. It is worth mentioning that neutralino models with relic den-
sities lower than the WMAP measurement are not ruled out, although evidently
they cannot make up all the dark matter.

In addition to constraints on models in mSUGRA which come from the
WMAP measurements, strong constraints can also be placed by collider data.
In particular, constraints arise from the absence of new particles at LEP below
≈ 100 GeV and the agreement of b → sγ decays with predictions of the Standard
Model. Measurements of the anomalous magnetic momentum of the muon, gµ−
2, also provide a possible constraint. These constraints have been studied in the

43

Thin blue area gives correct
relic abundance

Thicker cyan region: from
older, lower-precision cosmo-
logical measurements

Brown triangle at the bottom
is where τ̃1 becomes lighter
than Ñ1: excluded because DM
would be electrically charged.

• Below the allowed region, relic abundance is too small.
• Above the allowed region, relic abundance is too large.

Trick is getting large enough annihilation cross section.
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The “bulk region”

• Ñ1 is mostly bino, and relatively light
• Sfermions are relatively light

Figure 11: The (m1/2, m0) planes for mSUGRA with (a) tan β = 10, µ > 0, (b)
tanβ = 10, µ < 0, (c) tan β = 35, µ < 0, and (d) tanβ = 50, µ > 0. In each panel, the
region allowed by the older cosmological constraint 0.1 ≤ Ωχh2 ≤ 0.3 has cyan shading,
and the region allowed by the newer cosmological constraint 0.094 ≤ Ωχh2 ≤ 0.129
has dark blue shading. For more details, see Ref. [217].

A recent study of mSUGRA parameter space in light of the WMAP mea-
surement of the dark matter relic density can be found in Ref. [217]. We show in
Fig. 11 and Fig. 12 the regions of the (m1/2, m0) plane consistent with CMB and
accelerator data. It is worth mentioning that neutralino models with relic den-
sities lower than the WMAP measurement are not ruled out, although evidently
they cannot make up all the dark matter.

In addition to constraints on models in mSUGRA which come from the
WMAP measurements, strong constraints can also be placed by collider data.
In particular, constraints arise from the absence of new particles at LEP below
≈ 100 GeV and the agreement of b → sγ decays with predictions of the Standard
Model. Measurements of the anomalous magnetic momentum of the muon, gµ−
2, also provide a possible constraint. These constraints have been studied in the

43

Main annihilation process is Ñ1Ñ1 → ff̄ through a t-
channel sfermion

A complication:
Because they are Majorana particles, Ñ1Ñ1 can come to-
gether only in certain (antisymmetric) ways: [Bruce’s
homework problem!]

• 1S0:
Initial state has zero orbital angular momentum and zero net spin.

– When Ñ1Ñ1 are at rest, can only get this state.
Need to produce a SM fermion-antifermion pair in same 1S0 state.
• If SM fermion is massless: Can only produce fLf̄L or fRf̄R

E.g., left-handed electron and right-handed positron.
Back-to-back: net spin is 1! Need to flip a helicity in order to get 1S0 state.
But: massless fermion → can never flip the helicity. Cross section is zero!
• If SM fermions is not massless:
– Can produce fLf̄L or fRf̄R and then flip one of the spins, at the cost of a
factor of mf in the amplitude.
– Can produce fLf̄R or fRf̄L directly, again at the cost of a factor of mf in
the amplitude.
The cross section is suppressed by a m2

f/m2

Ñ1

factor.
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• 3P0, 3P1:
Initial state has one unit of orbital angular momentum and one unit of spin.

– Can get this state only when Ñ1Ñ1 have nonzero relative velocity.
Can produce a SM fermion-antifermion pair in same 3P1 state without a he-
licity flip: cross section not suppressed by SM fermion mass!
• In the early universe, Ñ1Ñ1 relative velocity is small, but not tiny.

– 3P1 wave annihilation can often dominate cross section.
• At the present day, the Ñ1Ñ1 relative velocity is v ∼ 10−3c: very small.

– Neutralino annihilation in the galactic halo is controlled by the 1S0

wave only.
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mχ (GeV)

1e-06

0.0001

0.01

1

v re
lσ 

  (
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)

χχ->qq (x=1/20)
χχ->qq (x=0)
χχ->gg

(a)

χχ→ qq̄ in early universe

χχ→ qq̄ in halo today
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Testing it: “cosmology at colliders”

← The cartoon version

If we can measure the
masses and couplings that
go into the Ñ1Ñ1 annihila-
tion cross section, we can
predict the DM abundance.

Then we can check if our
collider physics accounts
for the cosmologically ob-
served DM.

Measure SUSY masses/couplings, calculate Ñ1 relic abundance from thermal
production + freeze-out
Different possibilities:
• Prediction is spot-on: we understand the universe all the way back to DM
freeze-out!
• Prediction is too low: there must be another species of DM or another
source of Ñ1 production that we don’t yet know about!
• Prediction is too high: maybe Ñ1 is only metastable: decayed into some-
thing lighter (e.g., gravitino?) which is the true DM!
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What must we measure to test the “bulk region” at colliders?

Need to measure:
• Ñ1 mass: number density ↔ mass density; annihilation kinematics
• Ñ1 composition: couplings to fermion-sfermion
• Squark and slepton masses: t-channel exchange in annihilation diagram
• Squark and slepton L-R mixings: Ñ1-sfermion-fermion couplings

With these measurements in hand, we can also predict:
• Neutralino-nucleon scattering cross section
• Present-day (v ' 0) annihilation cross section and branching fractions

→ use indirect detection of DM
(gamma rays from DM annihilation in galactic centre; neutrinos from

DM annihilation inside the sun – more later)
and direct detection of DM

(scattering of DM off detectors on earth – again more later)
to test our understanding of the particle properties of the DM
and to learn about the density profile of the galactic halo (astrophysics!).
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The “focus point” (a.k.a. “hyperbolic branch”) region

• Large m0: sfermions are very heavy
• µ parameter becomes small in this region: Ñ1 is mixed bino-Higgsino

Ñ1Ñ1 can annihilate through a t-channel chargino into W+W−

(they are typically heavy enough in this region).

Get efficient annihilation – relic abundance can be small enough to
agree with cosmology

Figure 11: The (m1/2, m0) planes for mSUGRA with (a) tan β = 10, µ > 0, (b)
tanβ = 10, µ < 0, (c) tan β = 35, µ < 0, and (d) tanβ = 50, µ > 0. In each panel, the
region allowed by the older cosmological constraint 0.1 ≤ Ωχh2 ≤ 0.3 has cyan shading,
and the region allowed by the newer cosmological constraint 0.094 ≤ Ωχh2 ≤ 0.129
has dark blue shading. For more details, see Ref. [217].

A recent study of mSUGRA parameter space in light of the WMAP mea-
surement of the dark matter relic density can be found in Ref. [217]. We show in
Fig. 11 and Fig. 12 the regions of the (m1/2, m0) plane consistent with CMB and
accelerator data. It is worth mentioning that neutralino models with relic den-
sities lower than the WMAP measurement are not ruled out, although evidently
they cannot make up all the dark matter.

In addition to constraints on models in mSUGRA which come from the
WMAP measurements, strong constraints can also be placed by collider data.
In particular, constraints arise from the absence of new particles at LEP below
≈ 100 GeV and the agreement of b → sγ decays with predictions of the Standard
Model. Measurements of the anomalous magnetic momentum of the muon, gµ−
2, also provide a possible constraint. These constraints have been studied in the

43

Collider issues:
• Squarks, gluinos, sleptons can be very heavy in this region

– difficult for LHC?
• Higgsinos relatively light

Need to measure:
• Ñ1 mass: number density ↔ mass density; annihilation kinematics
• Ñ1 composition: couplings to WC̃
• C̃1,2 masses and composition: t-channel exchange in annihilation diagram

• Ñ1 couplings to Z, Higgses for neutralino-nucleon scattering calculation
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The “stau coannihilation” region

Figure 11: The (m1/2, m0) planes for mSUGRA with (a) tan β = 10, µ > 0, (b)
tanβ = 10, µ < 0, (c) tan β = 35, µ < 0, and (d) tanβ = 50, µ > 0. In each panel, the
region allowed by the older cosmological constraint 0.1 ≤ Ωχh2 ≤ 0.3 has cyan shading,
and the region allowed by the newer cosmological constraint 0.094 ≤ Ωχh2 ≤ 0.129
has dark blue shading. For more details, see Ref. [217].

A recent study of mSUGRA parameter space in light of the WMAP mea-
surement of the dark matter relic density can be found in Ref. [217]. We show in
Fig. 11 and Fig. 12 the regions of the (m1/2, m0) plane consistent with CMB and
accelerator data. It is worth mentioning that neutralino models with relic den-
sities lower than the WMAP measurement are not ruled out, although evidently
they cannot make up all the dark matter.

In addition to constraints on models in mSUGRA which come from the
WMAP measurements, strong constraints can also be placed by collider data.
In particular, constraints arise from the absence of new particles at LEP below
≈ 100 GeV and the agreement of b → sγ decays with predictions of the Standard
Model. Measurements of the anomalous magnetic momentum of the muon, gµ−
2, also provide a possible constraint. These constraints have been studied in the

43

• τ̃1 is the lightest slepton, due to τ̃L-τ̃R mixing
• Ñ1 is only slightly lighter than τ̃1

→ In the early universe, Ñ1 and τ̃1 freeze out together:
an appreciable density of both species is present at the time of LSP annihi-
lation.

Get “coannihilation” diagrams: τ̃1Ñ1 → τγ(τZ, τh0, ντW ) via s-channel τ

No helicity suppression as for Ñ1Ñ1 → ff̄ : efficient annihilation
Eventually the remaining τ̃1s decay to τÑ1.

Collider issues:
• Small(-ish) τ̃1-Ñ1 mass splitting (like 5 or 10 GeV):

decay τ̃1 → Ñ1 gives a soft τ .

Need to measure:
• Ñ1-τ̃1 mass splitting with high precision

– annihilation cross section is very sensitive to this.
• Ñ1 mass: number density ↔ mass density; annihilation kinematics
• Ñ1 composition and τ̃1 L-R mixing: Ñ1-τ̃1-τ coupling
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Yet another possibility at large(-ish) tanβ:

Figure 11: The (m1/2, m0) planes for mSUGRA with (a) tan β = 10, µ > 0, (b)
tanβ = 10, µ < 0, (c) tan β = 35, µ < 0, and (d) tanβ = 50, µ > 0. In each panel, the
region allowed by the older cosmological constraint 0.1 ≤ Ωχh2 ≤ 0.3 has cyan shading,
and the region allowed by the newer cosmological constraint 0.094 ≤ Ωχh2 ≤ 0.129
has dark blue shading. For more details, see Ref. [217].

A recent study of mSUGRA parameter space in light of the WMAP mea-
surement of the dark matter relic density can be found in Ref. [217]. We show in
Fig. 11 and Fig. 12 the regions of the (m1/2, m0) plane consistent with CMB and
accelerator data. It is worth mentioning that neutralino models with relic den-
sities lower than the WMAP measurement are not ruled out, although evidently
they cannot make up all the dark matter.

In addition to constraints on models in mSUGRA which come from the
WMAP measurements, strong constraints can also be placed by collider data.
In particular, constraints arise from the absence of new particles at LEP below
≈ 100 GeV and the agreement of b → sγ decays with predictions of the Standard
Model. Measurements of the anomalous magnetic momentum of the muon, gµ−
2, also provide a possible constraint. These constraints have been studied in the

43

Called the “A0 funnel” region .

mA0 ' 2m
Ñ1

so Ñ1Ñ1 → A0 → XX is
close to resonance.

Annihilation cross section becomes
very large
→ relic abundance becomes very small.

Need to measure:
• Mass and decay width of A0 with high precision

– annihilation cross section is very sensitive to this.
• Ñ1 mass: number density ↔ mass density; annihilation kinematics
• Ñ1 composition: coupling to A0
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