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Introduction - the dark matter problem

Rotation Curves of Galaxies
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(From Klypin, Zhao and Somerville, 2002)
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Introduction - the dark matter problem

Lensing: Dark Matter in the Bullet Cluster
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The Cosmic Microwave Background
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Particle Dark Matter

If we have particle dark matter then it must be:
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Particle Dark Matter

If we have particle dark matter then it must be:
@ Electromagnetically Neutral
@ Weakly Interacting
@ Massive
@ Stable

The measured relic density of dark matter is:

Qcpmh?® = 0.106 + 0.008.

Jonathan Roberts IFT, University of Warsaw Use and abuse of fine-tuning:Dark matter at the LHC



Particle Dark Matter

If we have particle dark matter then it must be:
@ Electromagnetically Neutral
@ Weakly Interacting
@ Massive
@ Stable

The measured relic density of dark matter is:
Qcpmh?® = 0.106 = 0.008.
In contrast, the density of baryonic matter is measured as:

Qph% = 0.0224
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MSSM Neutralino Dark Matter

Due to R-parity, decays of the form:
sparticle (—)— particle (+) + particle (+)

are not allowed.
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MSSM Neutralino Dark Matter

Due to R-parity, decays of the form:

sparticle (—)— particle (+) + particle (+)

are not allowed.

In the absence of direct annihilations, SUSY particles will decay to the
Lightest Supersymmetric Particle (LSP)
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MSSM Neutralino Dark Matter

Due to R-parity, decays of the form:

sparticle (—)— particle (+) + particle (+)

are not allowed.

In the absence of direct annihilations, SUSY particles will decay to the
Lightest Supersymmetric Particle (LSP) - which is stable.

R-parity conserving supersymmetry requires a relic density of
sparticles.
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SUSY has a problem

The lightest MSSM neutralino is a mixture of the bino, wino and higgsinos.
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The lightest MSSM neutralino is a mixture of the bino, wino and higgsinos.
Unfortunately:

® Bino(B) Dark Matter: Generally gives
QCDMh2 > Q?/DA%\P/‘F
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SUSY has a problem

The lightest MSSM neutralino is a mixture of the bino, wino and higgsinos.
Unfortunately:

® Bino(B) Dark Matter: Generally gives
QCDMh2 > Q?/DA%\P/‘F
@ Wino or Higgsino (W,h) Dark Matter: Generally gives
Qcpmh?® < QAP p2
Therefore the MSSM “naturally” gives the wrong dark matter density...

There are 2 solutions within the MSSM:
O Add just enough Wino or Higgsino into Bino dark matter.
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SUSY has a problem

The lightest MSSM neutralino is a mixture of the bino, wino and higgsinos.
Unfortunately:

® Bino(B) Dark Matter: Generally gives
QCDMh2 > Q(%A%Ph2

@ Wino or Higgsino (W,h) Dark Matter: Generally gives
Qcpmh?® < QAP p2

Therefore the MSSM “naturally” gives the wrong dark matter density...

There are 2 solutions within the MSSM:
O Add just enough Wino or Higgsino into Bino dark matter.

© Enhance an annihilation channel just enough for Bino dark matter to
account for the observed relic density.
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SUSY has a problem

The lightest MSSM neutralino is a mixture of the bino, wino and higgsinos.
Unfortunately:

® Bino(B) Dark Matter: Generally gives
QCDMh2 > Q(%A%Ph2
@ Wino or Higgsino (W,h) Dark Matter: Generally gives
Qcpmh?® < QAP p2
Therefore the MSSM “naturally” gives the wrong dark matter density...

There are 2 solutions within the MSSM:
O Add just enough Wino or Higgsino into Bino dark matter.

© Enhance an annihilation channel just enough for Bino dark matter to
account for the observed relic density.

This sounds like fine-tuning.
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SUSY’s “natural” solution Just how natural is it?

Coannihilation
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SUSY’s “natural” solution Just how natural is it?

Coannihilation

2y
A
[

o Generally requires myisp — mysp < 10%.
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SUSY’s “natural” solution Just how natural is it?

Coannihilation

2y
A
[

o Generally requires myisp — mysp < 10%.
@ Easy to suppress the density too much.
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SUSY’s “natural” solution Just how natural is it?

Resonances
e 9
RO, HO A0 70
et %9
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SUSY’s “natural” solution Just how natural is it?

Resonances
e 9
RO, HO A0 70
et %9

@ Requires myes — 2m;sp =~ 0.
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SUSY’s “natural” solution Just how natural is it?

Resonances
e 9
RO, HO A0 70
et %9

@ Requires myes — 2m;sp =~ 0.
@ Very easy to suppress the density too much.
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Mixed Dark Matter
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@ Requires either:
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Mixed Dark Matter

]
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@ Requires either:
Q [u(EW)| ~ [M(EW)
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Mixed Dark Matter
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@ Requires either:
Q [u(EW)| ~ ML (EW)|
Q [Mx(EW)| = |My(EW)|
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Mixed Dark Matter
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@ Requires either:
Q [u(EW)| ~ ML (EW)|
Q [Mx(EW)| = |My(EW)|

@ No good reason to suppose this should be the case.
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Mixed Dark Matter
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@ Requires either:
Q [u(EW)| ~ ML (EW)|
Q [Mx(EW)| = |My(EW)|

@ No good reason to suppose this should be the case.... in the low
energy MSSM.
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How bad is this for the MSSM?

@ SUSY is directly motivated by considerations of naturalness
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@ SUSY is directly motivated by considerations of naturalness as it
solves the hierarchy problem of the standard model.

@ Lots of people have claimed that SUSY naturally accounts for dark
matter.
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How bad is this for the MSSM?

@ SUSY is directly motivated by considerations of naturalness as it
solves the hierarchy problem of the standard model.

@ Lots of people have claimed that SUSY naturally accounts for dark
matter.

So what options do we have?

@ Give up on naturalness as a criteria.

@ Throw away our map and compass and lose ourselves in the
(anthropic) landscape...
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How bad is this for the MSSM?

@ SUSY is directly motivated by considerations of naturalness as it
solves the hierarchy problem of the standard model.

@ Lots of people have claimed that SUSY naturally accounts for dark
matter.

So what options do we have?

@ Give up on naturalness as a criteria.

@ Throw away our map and compass and lose ourselves in the
(anthropic) landscape...

@ or quantify the degree of fine-tuning involved.
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Quantifying fine-tuning

We need a quantitative measure of fine-tuning.
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SUSY’s “natural” solution Implications for SUSY

Quantifying fine-tuning
We need a quantitative measure of fine-tuning.

We use an analagous measure to the one used to measure the fine-tuning
required for electroweak symmetry breaking:

Q E)In (QCDMh2)
dlIn(a)

2 =
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SUSY’s “natural” solution Implications for SUSY

Quantifying fine-tuning
We need a quantitative measure of fine-tuning.

We use an analagous measure to the one used to measure the fine-tuning
required for electroweak symmetry breaking:

Q a|n (QCDMh2)
dlIn(a)

2 =

where a are the inputs of the theory.
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SUSY’s “natural” solution Implications for SUSY

Quantifying fine-tuning
We need a quantitative measure of fine-tuning.

We use an analagous measure to the one used to measure the fine-tuning
required for electroweak symmetry breaking:

Q Jdln (QCDMh2)

2 Jln(a)

where a are the inputs of the theory.

If A =100, a 1% change in a gives a 100% change in Qcpyh?.
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SUSY’s “natural” solution Implications for SUSY

Quantifying fine-tuning
We need a quantitative measure of fine-tuning.

We use an analagous measure to the one used to measure the fine-tuning
required for electroweak symmetry breaking:

Q Jdln (QCDMh2)

2 Jln(a)
where a are the inputs of the theory.
If A =100, a 1% change in a gives a 100% change in Qcpyh?.

This also gives us a handle on the precision required of colliders to give a
prediction of Qcpyh? with precision comparable to WMAP.
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Which EW parameters are important?

We always need to know mgo.
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Which EW parameters are important?

X
The other important parameters vary for different annihilation channels.

We always need to know mgo.
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We always need to know mgo.

The other important parameters vary for different annihilation channels.

@ t-channel sfermion exchange.
o my
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Which EW parameters are important?

We always need to know mgo.

The other important parameters vary for different annihilation channels.
@ t-channel sfermion exchange.
) m?
@ Wino or Higgsino dark matter
] m)zg

) m)Z‘lF, (m~0 m~+)
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Which EW parameters are important?

X

We always need to know mgo.
The other important parameters vary for different annihilation channels.

@ t-channel sfermion exchange.
) m?

@ Wino or Higgsino dark matter
] m)zg
° mys, (mig, mi;)

@ sfermion coannihilation

o Am= mpyrsp — mi?
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Which EW parameters are important?

We always need to know mgo.

The other important parameters vary for different annihilation channels.

@ t-channel sfermion exchange.

o my

@ Wino or Higgsino dark matter
) m)zg
o my+, (Mg, my+)

@ sfermion coannihilation
o Am = mprsp — Mmgo
@ Mixed Dark Matter
o Composition of (9.
) m)zg

° mys, (mig, mi;)
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Which EW parameters are important?

We always need to know mgo.

The other important parameters vary for different annihilation channels.
@ t-channel sfermion exchange.
) m?
@ Wino or Higgsino dark matter
] m)zg
° mys, (mig, mi;)
@ sfermion coannihilation
o Am= mpyrsp — mi?
@ Mixed Dark Matter
o Composition of (9.
] m)zg
° mys, (mig, mi;)
@ Resonant annihilation

o Am= Mzo po HO A0 — 2m)2(1)
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t-channel sfermion exchange

For a typical Bino dark matter region, the sensitivity to low energy masses
is:

Parameter a | A%

M7 &g fin 0.6

mgo 0.09
1
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t-channel sfermion exchange

For a typical Bino dark matter region, the sensitivity to low energy masses
is:

Parameter a | A%

M7 &g fin 0.6

mgo 0.09
1

But here we have Qcpph? = 0.37.
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t-channel sfermion exchange

For a typical Bino dark matter region, the sensitivity to low energy masses
is:

Parameter a | A%

M7 &g fin 0.6

mgo 0.09
1

But here we have Qcpph? = 0.37.

We don’t need high precision measurements to rule out this point.
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t-channel sfermion exchange

For a typical Bino dark matter region, the sensitivity to low energy masses
is:

Parameter a | A%

M7 &g fin 0.6

mgo 0.09
1

But here we have Qcpph? = 0.37.
We don’t need high precision measurements to rule out this point.

A caveat: here we only consider sensitivity to the masses. This decay
channel cares about the composition of the lightest 7, [ig and &g.
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t-channel sfermion exchange

For a typical Bino dark matter region, the sensitivity to low energy masses
is:

Parameter a | A%

M7 &g fin 0.6

mgo 0.09
1

But here we have Qcpph? = 0.37.
We don’t need high precision measurements to rule out this point.

A caveat: here we only consider sensitivity to the masses. This decay
channel cares about the composition of the lightest 7, [ig and &g.

... though this sensitivity looks likely to remain small in dominantly bino
regions.
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Resonant annihilation

Now consider a typical A® resonance.

Parameter a | A%
ma 49
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Resonant annihilation

Now consider a typical A® resonance.

Parameter a | A%
ma 49

This is clearly fine-tuned.
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Fine-tuning the MSSM at 100 GeV.

Resonant annihilation

Now consider a typical A® resonance.

Parameter a | A9
ma 49
m ? 48

X

This is clearly fine-tuned.

To calculate the relic density to ©(10%), we need to determine the masses
of A% 9 to 0(0.2%).
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Fine-tuning the MSSM at 100 GeV.

¥ — 7 Coannihilation

Parameter a | A%
mz 41
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¥ — 7 Coannihilation

Parameter a | A%
mz 41

Once again we need 0(0.02%) precision to achieve a O(1%) precision in
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Fine-tuning the MSSM at 100 GeV.

¥ — 7 Coannihilation

Parameter a | A%
mz 41

Once again we need 0(0.02%) precision to achieve a O(1%) precision in
QCDMh2-

... but the sensitivities are coupled. If we could measure Am (which we
can) then this situation is greatly improved.
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So where does this leave the EW MSSM?

® The least fine-tuned regions give too much or too little dark matter.
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So where does this leave the EW MSSM?

® The least fine-tuned regions give too much or too little dark matter.

@ This offers good prospects for ruling out MSSM interpretations of LHC
data.
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So where does this leave the EW MSSM?

® The least fine-tuned regions give too much or too little dark matter.

@ This offers good prospects for ruling out MSSM interpretations of LHC
data.

@ To fit WMAP data we must finely tune the MSSM parameters at the
EW scale.

Jonathan Roberts IFT, University of Warsaw Use and abuse of fine-tuning:Dark matter at the LHC



So where does this leave the EW MSSM?

® The least fine-tuned regions give too much or too little dark matter.
@ This offers good prospects for ruling out MSSM interpretations of LHC

data.
@ To fit WMAP data we must finely tune the MSSM parameters at the
EW scale.
o |t will be hard to get a precise relic density from collider data in these
regions.
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So where does this leave the EW MSSM?

® The least fine-tuned regions give too much or too little dark matter.
@ This offers good prospects for ruling out MSSM interpretations of LHC

data.
@ To fit WMAP data we must finely tune the MSSM parameters at the
EW scale.
o |t will be hard to get a precise relic density from collider data in these
regions.

If we have to tune the EW MSSM, should we throw it away?
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So where does this leave the EW MSSM?

® The least fine-tuned regions give too much or too little dark matter.
@ This offers good prospects for ruling out MSSM interpretations of LHC

data.
@ To fit WMAP data we must finely tune the MSSM parameters at the
EW scale.
o |t will be hard to get a precise relic density from collider data in these
regions.

If we have to tune the EW MSSM, should we throw it away?

No.
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So where does this leave the EW MSSM?

® The least fine-tuned regions give too much or too little dark matter.
@ This offers good prospects for ruling out MSSM interpretations of LHC

data.
@ To fit WMAP data we must finely tune the MSSM parameters at the
EW scale.
o |t will be hard to get a precise relic density from collider data in these
regions.

If we have to tune the EW MSSM, should we throw it away?

No. The EW MSSM is an effective theory.
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Where do the soft masses come from?

The SUSY masses arise from the soft SUSY breaking lagrangian:
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Where do the soft masses come from?

The SUSY masses arise from the soft SUSY breaking lagrangian:

_pMssm % (MBB + MWW + Msgg) + hc.
+ (A V) R QuHy — (A] YY) dirQiHa — (A5 Vi) &L Ha
+ QL (mé)u Qo+ L (ml),-j Ly
+ i (m3) ;B + dig (m3) ; dir
+ &g (m2),; &r + miy, HyHy + miy, HiHg — (BuH,Ha + h.c.)
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Where do the soft masses come from?

The SUSY masses arise from the soft SUSY breaking lagrangian:
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+ (A V) R QuHy — (A] YY) dirQiHa — (A5 Vi) &L Ha
+ QL (mé)u Qo+ L (ml),-j Ly
+ i (m3) ;B + dig (m3) ; dir
+ &g (m2),; &r + miy, HyHy + miy, HiHg — (BuH,Ha + h.c.)

Until now we have considered low energy SUSY masses.
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@ Soft masses should be set at a higher scale, such as the GUT scale.
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Where do the soft masses come from?

The SUSY masses arise from the soft SUSY breaking lagrangian:

_pMssm % (MBB + MWW + Msgg) + hc.
+ (A V) R QuHy — (A] YY) dirQiHa — (A5 Vi) &L Ha
+ QL (mé)u Qo+ L (ml),-j Ly
+ i (m3) ;B + dig (m3) ; dir
+ &g (m2),; &r + miy, HyHy + miy, HiHg — (BuH,Ha + h.c.)

Until now we have considered low energy SUSY masses.

@ Soft masses should be set at a higher scale, such as the GUT scale.
@ Therefore we must consider the impact of the RGEs.
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Where do the soft masses come from?

The SUSY masses arise from the soft SUSY breaking lagrangian:

1 . .
g — 2 (M158+ My WV + M3gg) +he.

(A% Y) U QuHu — (A Vi) dig Qi Ha — (A5 Vi) &L Ha
QiL (m%)u QjL + LiL (ml)u LjL
lig (m3) ; Uik + i (), dir
& (m2); &R + miy, Hi Hu + miy, HiHa — (BuHyHq + h.c.)

+ + o+ o+

Until now we have considered low energy SUSY masses.
@ Soft masses should be set at a higher scale, such as the GUT scale.
@ Therefore we must consider the impact of the RGEs.
@ We also expect there to be relations between the soft masses, rather
than the > 100 free parameters of the MSSM.

Let's see how this affects the tuning.
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CMSSM

The CMSSM is one of the simplest SUSY models.
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Fine-tuning the MSSM at 2 x 10'° Gev

CMSSM

The CMSSM is one of the simplest SUSY models.

Instead of the many (> 100) parameters of the MSSM, we have:

acmssm € {mo, myp, tan3, Ao, sign(u)}

The masses are set at mgyt and run (using SoftSusy) to mey .
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The CMSSM with Ay = 0, tan3 = 50; S.F.King, J.P.R.: hep-ph/0609147,
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The CMSSM with A =0, tang =10
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Fine-tuning the MSSM at 2 x 10'° Gev

CMSSM {9 — 7 Coannihilation

Remember that at the EW scale we had the sensitivity:

Parameter a | A%
msz 41
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CMSSM {9 — 7 Coannihilation

Remember that at the EW scale we had the sensitivity:

Parameter a | A%
msz 41

In the CMSSM with low tan 3 we get:

Parameter a | AY
mo 3.5
my /o 3.4

where mg and my, are set at the GUT scale.
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CMSSM {9 — 7 Coannihilation

Remember that at the EW scale we had the sensitivity:

Parameter a | A%
msz 41

In the CMSSM with low tan 3 we get:

Parameter a | A%
mo 3.5
my /o 3.4

where mg and my, are set at the GUT scale.
This can be understood by considering the ¥ RGE:

d(m2 1
(dtR) - oz (—4g12M12 om (miL +m2 4 ml Ai) + 45)
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Fine-tuning the MSSM at 2 x 10'° Gev

Relaxing the CMSSM: non-universal gauginos
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Non-Universal Higgs Masses; J. Ellis, S. F. King, 0711.2741[hep-ph]
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Resonant annihilation

With respect to EW parameters the A° resonance required significant
tuning:

Parameter a | A%
ma 49
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Resonant annihilation

With respect to EW parameters the A° resonance required significant
tuning:

Parameter a | A%

ma 49

If we assume a NUHM model, the tunings change to:

Parameter a | A%
mpy, 51
mpy, 2.5
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Naturalness in the full MSSM

We find typical tuning scales for different dark matter channels.
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Naturalness in the full MSSM

We find typical tuning scales for different dark matter channels.

Region Typical AY
Bulk region (t-channel f exchange) <1
Mixed bino/wino ~ 30
Mixed bino/higgsino (mgo < ma,n) 30 — 60
Mixed bino/higgsino (mgo > ma #) 3-30
Mixed bino/wino/higgsino 4 —60
slepton coannihilation (low My, mg, tanf3) 3—-15
slepton coannihilation (large My, mg, tanf3) | ~ 50
sneutrino coannihilation ~ 100
Z-resonant annihilation ~ 10
h%-resonant annihilation 10 — 1000
Al-resonant annihilation - bino LSP 80 — 300
AP-resonant annihilation - bino/higgsino LSP | 3 — 10
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Naturalness in the full MSSM

We find typical tuning scales for different dark matter channels.

Region Typical AY
Bulk region (t-channel f exchange) <1
Mixed bino/wino ~ 30
Mixed bino/higgsino (mgo < ma,n) 30 — 60
Mixed bino/higgsino (mgo > ma #) 3-30
Mixed bino/wino/higgsino 4 —60
slepton coannihilation (low My, mg, tanf3) 3—-15
slepton coannihilation (large My, mg, tanf3) | ~ 50
sneutrino coannihilation ~ 100
Z-resonant annihilation ~ 10
h%-resonant annihilation 10 — 1000
Al-resonant annihilation - bino LSP 80 — 300
AP-resonant annihilation - bino/higgsino LSP | 3 — 10

The MSSM allows for natural dark matter.
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Where does this leave the GUT scale MSSM?

@ There are specific scenarios in which the RGE flow enormously
reduces the required fine-tuning.
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Where does this leave the GUT scale MSSM?

@ There are specific scenarios in which the RGE flow enormously
reduces the required fine-tuning.

o This allows for a more precise prediction of Qcpph? from collider data,
with only a few extra priors.
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o Such scenarios are better motivated as an explanation of a particular
SUSY spectrum - aiding in theory choice.
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Where does this leave the GUT scale MSSM?

@ There are specific scenarios in which the RGE flow enormously
reduces the required fine-tuning.
o This allows for a more precise prediction of Qcpph? from collider data,
with only a few extra priors.
o Such scenarios are better motivated as an explanation of a particular
SUSY spectrum - aiding in theory choice.

@ Many regions remain significantly fine-tuned.

o The prospects for these regions remain poor for predicting a precise
Qcpmh? from collider data.
@ The RGE evolution gives us no good reason to favour these regions.
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Where does this leave the GUT scale MSSM?

@ There are specific scenarios in which the RGE flow enormously
reduces the required fine-tuning.
o This allows for a more precise prediction of Qcpph? from collider data,
with only a few extra priors.
o Such scenarios are better motivated as an explanation of a particular
SUSY spectrum - aiding in theory choice.
@ Many regions remain significantly fine-tuned.
o The prospects for these regions remain poor for predicting a precise
Qcpmh? from collider data.
@ The RGE evolution gives us no good reason to favour these regions.

Should we throw away regions that are fine-tuned at this stage?
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Structures of SUSY breaking

All models we have considered here are still (fairly) agnostic about the
cause and communication of SUSY breaking and take the inputs:

apmssm € {mj, M, A;, tan 3}
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Fine-tuning strings, branes and GUTs

Structures of SUSY breaking

All models we have considered here are still (fairly) agnostic about the
cause and communication of SUSY breaking and take the inputs:

apmssm € {mj, M, A;, tan 3}

In more detailed studies of SUSY breaking and communication we get a
smaller set of parameters that determine the SUSY breaking masses:

AGUT /string
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Fine-tuning strings, branes and GUTs

Structures of SUSY breaking

All models we have considered here are still (fairly) agnostic about the
cause and communication of SUSY breaking and take the inputs:

apmssm € {mj, M, A;, tan 3}

In more detailed studies of SUSY breaking and communication we get a
smaller set of parameters that determine the SUSY breaking masses:

AGUT /string

The dark matter tuning with respect to agyT/string AY

aGUT /string
Q R [
related to AaMSSM via the relation:

is directly

A2 -y aGuT/string _Damssm g

aGUT /string - a aa . aMssSm
amsom MSSM GUT /string
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Fine-tuning strings, branes and GUTs

Structures of SUSY breaking

All models we have considered here are still (fairly) agnostic about the
cause and communication of SUSY breaking and take the inputs:

apmssm € {mj, M, A;, tan 3}

In more detailed studies of SUSY breaking and communication we get a
smaller set of parameters that determine the SUSY breaking masses:

AGUT /string

The dark matter tuning with respect to agyT/string AY

aGUT /string
Q R [
related to AaMSSM via the relation:

is directly

A2 -y aGuT/string _Damssm g

aGUT /string - a aa . aMssSm
amsom MSSM GUT /string

If we minimise the coefficients, we minimise the dark matter tuning.
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Fine-tuning strings, branes and GUTs

An SU(5) GUT model; S.F.King, JPR, D.P.Roy: arXiv:0705.4219
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In favour of fine-tuning

@ SUSY naturally provides a candidate for dark matter.
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@ The general low energy MSSM must be tuned to fit the observed relic
density.
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In favour of fine-tuning

@ SUSY naturally provides a candidate for dark matter.
@ The general low energy MSSM must be tuned to fit the observed relic
density.
@ We shouldn’t rule out an effective theory because it must be tuned.
@ This provides good prospects for ruling out SUSY explanations of
spectra.
@ Running to the GUT scale provides some scenarios for mitigating the
tuning.
o Such regions allow for more precise predictions of Qcpyh?, with well
defined priors.
@ The comparison of tunings allows for theoretical motivations of
particular structures between GUT scale masses.

@ Different models of SUSY breaking and communication can realise
these structures, or break them entirely.

o These theories should care about fine-tuning.

@ Dark matter fine-tuning gives us a window on the GUT scale.
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