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Supersymmetric Dark Matter

Dark Matter in variations of constrained 
MSSM models: 

A comparison between accelerator and 
direct detection constraints

•  CMSSM
•mSUGRA
• Sub-GUT
• NUHM
•A hint of Higgs?



Evidence for Dark Matter
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Fig. 4 Hubble diagram of SNLS and nearby SNe Ia, with var-

ious cosmologies superimposed. The bottom plot shows the

residuals for the best fit to a flat Λ cosmology.

Using Monte Carlo realizations of our SN sample, we

checked that our estimators of the cosmological parameters are

unbiased (at the level of 0.1 σ), and that the quoted uncertain-

ties match the observed scatter. We also checked the field-to-

field variation of the cosmological analysis. The four ΩM val-

ues (one for each field, assuming Ωk = 0) are compatible at

37% confidence level. We also fitted separately the Ia and Ia*

SNLS samples and found results compatible at the 75% confi-

dence level.

We derive an intrinsic dispersion, σint = 0.13 ± 0.02, ap-
preciably smaller than previously measured (Riess et al. 1998;

Perlmutter et al. 1999; Tonry et al. 2003; Barris et al. 2004;

Riess et al. 2004). The intrinsic dispersions of nearby only

(0.15±0.02) and SNLS only (0.12±0.02) events are statistically
consistent although SNLS events show a bit less dispersion.

A notable feature of Figure 4 is that the error bars increase

significantly beyond z=0.8, where the zM photometry is needed
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Fig. 5 Contours at 68.3%, 95.5% and 99.7% confidence levels

for the fit to an (ΩM,ΩΛ) cosmology from the SNLS Hubble di-

agram (solid contours), the SDSS baryon acoustic oscillations

(Eisenstein et al. 2005, dotted lines), and the joint confidence

contours (dashed lines).

to measure rest-frame B − V colors. The zM data is affected by
a low signal-to-noise ratio because of low quantum efficiency

and high sky background. For z > 0.8, σ((B − V)rest f rame) "
1.6σ(iM−zM), because the lever arm between the central wave-
lengths of iM and zM is about 1.6 times lower than for B and V .

Furthermore, errors in rest-frame color are scaled by a further

factor of β " 1.6 in the distance modulus estimate. With a typ-
ical measurement uncertainty σ(zM) " 0.1, we have a distance
modulus uncertaintyσ(µ) > 0.25. Since the fall 2004 semester,

we now acquire about three times more zM data than for the

data in the current paper, and this will improve the accuracy of

future cosmological analyses.

The distance model we use is linear in stretch and color.

Excluding events at z > 0.8, where the color uncertainty is

larger than the natural color dispersion, we checked that adding

Clowe et al.

WMAP SNLS



How Much Dark Matter
WMAP 3     Spergel etal
 Precise bounds on matter content

                          +0.0081         
Ωmh2 = 0.1265-0.0080      Ωbh2 = 0.0223 ± 0.0007

                              

                              +0.0081 Ωcdmh2 = 0.1042-0.0080
or

Ωcdm h2 = 0.0882 - 0.1204  (2 σ)



Guage Hierarchy Problem
MP  ≈ 1019   GeV

MX  ≈ 1015  GeV

MW  ≈ 102   GeV

Scalar masses corrected by loops

mf2 = mo2  +

g2

gf
gf

λ

+ +-

+ ….
= mo

2Set it and Forget it!



Running of the Gauge couplings
in the standard model

Running of the Gauge couplings
in the supersymmetric 

standard model



What is the MSSM

1) Add minimal number of new particles:  
Partners for all SM particles + 1 extra Higgs 

EW doublet.

2) Add minimal number of new interactions: 
Impose R-parity to eliminate many 

UNWANTED interactions.

R = (-1)3B+L+2S



Particle Content of the MSSM
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MSSM and R-Parity 
Stable DM candidate

1) Neutralinos

2) Sneutrino
         Excluded (unless add L-violating terms)

3) Other:
        Axinos, Gravitinos, etc

χi = αiB̃ + βiW̃ + γiH̃1 + δiH̃2

SUSY Dark MatterSUSY Dark Matter



Parameters

Higgs mixing mass: µ
Ratio of Higgs vevs: tan β 
Gaugino masses: Mi
Soft scalar masses: mo

Bi and Trilinear Terms: B and Ai
Phases: θµ, θA



The Relic DensityThe Relic Density
At high temperatures T >>mχ ;    

     χ’s in equilibrium   Γ > H      nχ ~ nγ
Γ ~ nσv~ T3σv ;  HMp ~ √ρ ~ Τ2

As T < mχ ; annihilations drop nχ
nχ ~ e-mχ/T nγ

Until freeze-out, Γ < H           nχ/nγ ∼ constant

f

B~

f
_

B~

f~

T ~ mχ t

nχ/nγ

1



•Elastic scattering cross sections for χ p

•Dominant contribution to spin-independent scattering

Through light squark exchange 
– Dominant for binos

Through Higgs exchange
– Requires  some Higgsino component

Direct Detection

eter space are excluded by the current CDMS II result. Specifically, none of the benchmark

scenarios proposed recently [?] is excluded, and neither is any of the 90% confidence-level

region favoured in a recent likelihood analysis of the CMSSM [?]. On the other hand, if one

relaxes universality for the squark slepton and Higgs masses, so as to consider the most gen-

eral low-energy effective supersymmetric theory (LEEST), some models with mχ
<∼ 700 GeV

are excluded for large Σ. We reach a similar conclusion even if the squark and slepton masses

are assumed to be equal, and we allow only non-universal Higgs masses (NUHM). Indeed,

as we discuss, the dominant mechanism leading to a large cross section is the reduction in

the magnitude of the Higgs superpotential mixing parameter µ and the pseudoscalar Higgs

mass mA allowed by the relaxed electroweak vacuum conditions in the NUHM.

2 Spin-Independent χ-Nucleon Scattering Matrix Ele-

ments

2.1 Model-Dependent Supersymmetric Operator Coefficients

We assume that the neutralino LSP χ is the lightest eigenstate of the mixed Bino B̃,

Wino W̃ and Higgsino H̃1,2 system, whose mass matrix N is diagonalized by a matrix Z:

diag(mχ1,..,4) = Z∗NZ−1, with

χ = Zχ1B̃ + Zχ2W̃ + Zχ3H̃1 + Zχ4H̃2. (1)

We neglect the possibility of CP violation, and assume universality at the supersymmetric

GUT scale for the U(1) and SU(2) gaugino masses: M1,2 = m1/2, so that M1 = 5
3 tan2 θW M2

at the electroweak scale.

The following low-energy effective four-fermion Lagrangian describes spin-independent

elastic χ-nucleon scattering:

L = α3iχ̄χq̄iqi, (2)

which is to be summed over the quark flavours q, and the subscript i labels up-type quarks

(i = 1) and down-type quarks (i = 2). The model-dependent coefficients α3i are given by

α3i = −
1

2(m2
1i − m2

χ)
Re [(Xi) (Yi)

∗] −
1

2(m2
2i − m2

χ)
Re [(Wi) (Vi)

∗]

−
gmqi

4mWBi

[

Re (δ1i[gZχ2 − g′Zχ1])DiCi

(

−
1

m2
H1

+
1

m2
H2

)

+ Re (δ2i[gZχ2 − g′Zχ1])

(

D2
i

m2
H2

+
C2

i

m2
H1

)]

, (3)

2



The scalar cross section

where

and

determined by

Uncertainties from hadronic matrix elements

where

Xi ≡ η∗

11

gmqi
Z∗

χ5−i

2mW Bi
− η∗

12eig
′Z∗

χ1,

Yi ≡ η∗

11

(
yi

2
g′Zχ1 + gT3iZχ2

)

+ η∗

12

gmqi
Zχ5−i

2mW Bi
,

Wi ≡ η∗

21

gmqi
Z∗

χ5−i

2mW Bi
− η∗

22eig
′Z∗

χ1,

Vi ≡ η∗

22

gmqi
Zχ5−i

2mW Bi
+ η∗

21

(
yi

2
g′Zχ1 + gT3iZχ2

)

, (4)

with yi, T3i denoting hypercharge and isospin, and

δ1i = Zχ3(Zχ4), δ2i = Zχ4, (−Zχ3) (5)

Bi = sin β(cos β), Ci = sin α(cos α), Di = cos α(− sin α), (6)

for up (down) type quarks. We denote by mH2
< mH1

the two scalar Higgs masses, and α

denotes the Higgs mixing angle. Finally, we note that the factors ηij arise from the diagonal-

ization of the squark mass matrices: diag(m2
1, m

2
2) ≡ ηM2η−1, which can be parameterized

for each flavour f by an angle θf and phase γf :
(

cos θf sin θfeiγf

− sin θfe−iγf cos θf

)

≡

(

η11 η12

η21 η22

)

. (7)

In the models we study below, the squark flavours are diagonalized in the same basis as the

quarks.

2.2 Hadronic Matrix Elements

The scalar part of the cross section can be written as

σ3 =
4m2

r

π
[Zfp + (A − Z)fn]2 , (8)

where mr is the reduced LSP mass,

fp

mp
=

∑

q=u,d,s

f (p)
Tq

α3q

mq
+

2

27
f (p)

TG

∑

c,b,t

α3q

mq
, (9)

the parameters f (p)
Tq are defined by

mpf
(p)
Tq ≡ 〈p|mq q̄q|p〉 ≡ mqBq, (10)

f (p)
TG = 1 −

∑

q=u,d,s f (p)
Tq [?], and fn has a similar expression.
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3

We take the ratios of the quark masses from [?]:

mu

md
= 0.553 ± 0.043,

ms

md
= 18.9 ± 0.8, (11)

and following [?], we have:

z ≡
Bu − Bs

Bd − Bs
= 1.49. (12)

Defining

y ≡
2Bs

Bd + Bu
, (13)

we then have
Bd

Bu
=

2 + (z − 1)y

2z − (z − 1)y
. (14)

The coefficients fTq are then easily obtained;

fTu =
muBu

mp
=

2Σ

mp(1 + md

mu
)(1 + Bd

Bu
)
, (15)

fTd
=

mdBd

mp
=

2Σ

mp(1 + mu

md
)(1 + Bu

Bd
)
, (16)

fTs =
msBs

mp
=

2(ms

md
)Σ y

mp(1 + mu

md
)
. (17)

The final task is to determine the quantity y characterizing the density of s̄s in the nucleon.

This may be determined from the π-nucleon Σ term, which is given by

σπN ≡ Σ =
1

2
(mu + md)(Bu + Bd). (18)

We are motivated to reconsider the value of y in light of recent re-evaluations of the π-nucleon

sigma term Σ, which is related to the strange scalar density in the nucleon by

y = 1 − σ0/Σ, (19)

where σ0 is the change in the nucleon mass due to the non-zero u, d quark masses, which

is estimated on the basis of octet baryon mass differences to be σ0 = 36 ± 7 MeV [?]. In

our previous work [?,?], we assumed a relatively conservative value Σ = 45 MeV, which was

already somewhat larger than naive quark model estimates, and corresponded to y # 0.2.

However, recent determinations of the π-nucleon Σ term have found the following values at

the Cheng-Dashen point t = +2m2
π [?]:

ΣCD = (88 ± 15, 71 ± 9, 79 ± 7, 85 ± 5) MeV. (20)

4



The strangeness contribution to the proton mass

For Σ = 45 MeV, y = 0.2 

y =
2Bs

Bu + Bd

=
(mu + md)〈p|ss̄|p〉

Σ

= 1 −
σ0

Σ
σ0 = 36 ± 7 MeV

fTu = 0.020 fTd = 0.026 fTs = 0.117

For Σ = 64 MeV, y = 0.44 
fTu = 0.027 fTd = 0.039 fTs = 0.363

For Σ = 36 MeV, y = 0 

fTu = 0.016 fTd = 0.020 fTs = 0.



 Constraints Constraints
• Chargino mass limit

Mχ
±   104  GeV

Constrains (M2 and µ)/ m1/2

• Higgs mass limit 
MΗ

   114 GeV
Constrains (mA, Μ2, Α)/ m1/2

particularly at low tan β

• b to s γ
               Constrains (mA)/ m1/2   at high tan β and µ < 0

• Also sfermion mass limits from LEP and CDF
mf  ≥  99  GeV  (roughly)

χ  is the LSP



Unification Conditions
• Gaugino masses: Mi = m1/2

• Scalar masses: mi = m0

• Trilinear terms: Ai = A0

mSugra Conditions
•   Gaugino masses: m3/2 = m0

• Bilinear term: B0 = A0 - m0

 predict µ, B

 predict µ, tan β



CMSSM Spectra

Unification to 
rich spectrum

+
EWSB

Falk



Typical Regions

m
0

m1/2 

Bulk

Funnel

stau LSP

No EWSB

stau co-ann.

Focus point
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Focus Point Region

Feng Matchev Moroi Wilczek

As m0 gets very large,
RGE’s force µ to 0,
allowing neutralino to 
become Higgsino like with
an acceptable relic density.
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Foliation in tan β
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Indirect Sensitivities
• MW

• sin2 θ
• ΓZ

• (g-2)μ
• BR( b → s γ)
• BR( Bu → τ ντ)
• ΔMBs

• Mh

• BR( Bs → μ+ μ-)

from the direct searches for a Standard Model (SM) Higgs boson at LEP [18].

In the following, we refer to the theoretical uncertainties from unknown higher-order

corrections as ‘intrinsic’ theoretical uncertainties and to the uncertainties induced by the

experimental errors of the input parameters as ‘parametric’ theoretical uncertainties. We do

not discuss here the theoretical uncertainties in the renormalization-group running between

the high-scale input parameters and the weak scale: see Ref. [24] for a recent discussion in the

context of calculations of the cold dark matter density. At present, these uncertainties are less

important than the experimental and theoretical uncertainties in the precision observables.

Assuming that the five observables listed above are uncorrelated, a χ2 fit has been per-

formed with

χ2 ≡
4

∑

n=1

(

Rexp
n − Rtheo

n

σn

)2

+ χ2
Mh

. (1)

Here Rexp
n denotes the experimental central value of the nth observable (MW , sin2 θeff ,

(g − 2)µ and BR(b → sγ)), Rtheo
n is the corresponding CMSSM prediction and σn denotes

the combined error, as specified below. χ2
Mh

denotes the χ2 contribution coming from the

lightest MSSM Higgs boson mass as described below.

2.1 The W boson mass

The W boson mass can be evaluated from

M2
W

(

1 −
M2

W

M2
Z

)

=
πα√
2GF

(1 + ∆r) , (2)

where α is the fine structure constant and GF the Fermi constant. The radiative corrections

are summarized in the quantity ∆r [25]. The prediction for MW within the Standard Model

(SM) or the MSSM is obtained by evaluating ∆r in these models and solving (2) in an

iterative way.

We include the complete one-loop result in the MSSM [26,27] as well as higher-order QCD

corrections of SM type that are of O(ααs) [28, 29] and O(αα2
s) [30, 31]. Furthermore, we

incorporate supersymmetric corrections of O(ααs) [32] and of O(α2
t ) [33,34] to the quantity

∆ρ.2

The remaining intrinsic theoretical uncertainty in the prediction for MW within the

MSSM is still significantly larger than in the SM. It has been estimated as [34]

∆M intr,current
W

<∼ 9 MeV , (3)

2A re-evaluation of MW is currently under way [35]. Preliminary results show good agreement with the
values used here.

5

Ellis, Heinemeyer, Olive, Weber, Weiglein



Sensitivity to MW and sin2 θW
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Sensitivity to Mh and g-2

Ellis, Heinemeyer, Olive, Weber, Weiglein
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Indirect Sensitivities to CMSSM models
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Direct Detection in the CMSSM

EOSS
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Sub-GUT models
Why assume that the supersymmetry breaking scale is MGUT ?

Flavor-blind supersymmetry breaking →  universality
but at what scale?

Gauge coupling unification maintained (at the GUT scale)

Gaugino and scalar masses unified at some scale Min < MGUT

Ellis, Olive, Sandick
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• tan β fixed by boundary conditions (B0 = A0 - m0)

• ``planes’’ determined by A0/m0

• Gravitino often the LSP (m3/2 = m0)

• No Funnels

• No Focus Point

mSugra models
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The Very CMSSM (mSUGRA):
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Effects of Bound States

2

bound st. |E0
b | a0 Rsc

N |Eb(R
sc
N )| RNc |Eb(RNc)| T0

4HeX− 397 3.63 1.94 352 2.16 346 8.2
6LiX− 1343 1.61 2.22 930 3.29 780 19
7LiX− 1566 1.38 2.33 990 3.09 870 21
7BeX− 2787 1.03 2.33 1540 3 1350 32
8BeX− 3178 0.91 2.44 1600 3 1430 34

4HeX−− 1589 1.81 1.94 1200 2.16 1150 28

DX− 50 14 - 49 2.13 49 1.2

pX− 25 29 - 25 0.85 25 0.6

TABLE I: Properties of the bound states: Bohr a0 and nuclear
radii RN in fm; binding energies Eb and “photo-dissociation
decoupling” temperatures T0 in KeV.

E0
b = Z2α2mN/2 from ∼ 13% in (4HeX) to 50% in

(8BeX). Realistic binding energies are calculated for two
types of nuclear radii assuming a uniform charge distri-
bution: for the simplest scaling formula Rsc

N = 1.22A
1

3 ,
and for the nuclear radius determined via the the root
mean square charge radius, RNc = (5/3)1/3Rc with ex-
perimental input for Rc where available. Finally, as an
indication of the temperature at which (NX) are no
longer ionized, we include a scale T0 where the photo-
dissociation rate Γph(T ) becomes smaller than the Hub-
ble rate, Γph(T0) = H(T0). It is remarkable that sta-
ble bound states of (8BeX) exist, opening up a path to
synthesize heavier elements such as carbon, which is not
produced in SBBN. In addition to atomic states, there
exist molecular bound states (NXX). The binding en-
ergy of such molecules relative to (NX) are not small
(e.g. about 300 KeV for (4HeX−X−)). Such neutral
molecules, along with (8BeX) and (8BeXX), are an im-
portant path for the synthesis of heavier elements in
CBBN. Table 1 also includes the case of doubly-charged
particles, admittedly a much more exotic possibility from
the model-building perspective, which was recently dis-
cussed in [8] where the existence of cosmologically sta-
ble bound states (4HeX−−) was suggested in connection
with the dark matter problem. Although noted in pass-
ing, the change in the BBN reaction rates was not ana-
lyzed in [8]. Yet it should be important for this model, as
any significant amount of stable X−− would lead to a fast
conversion of 4He to carbon and build-up of (8BeX−−)
at T ∼ 20 KeV, possibly ruling out such a scenario. Ref.
[8] also contains some discussion of stable (4HeX−).

The initial abundance of X− particles relative to
baryons, YX(t " τ) ≡ nX−/nb, along with their life-
time τ are the input parameters of CBBN. It is safe to
assume that YX " 1, and to first approximation neglect
the binding of X− to elements such as Be, Li, D, and
3He, as they exist only in small quantities. The binding
to p occurs very late (T0 = 0.6 KeV) and if nX− " n4He,
which is the case for most applications, by that tempera-
ture all X− particles would exist in the bound state with
4He. Therefore, the effects of binding to p can be safely

ignored. For the concentration of bound states (4HeX),
nBS(T ), we take the Saha-type formula,

nBS(T ) =
nb(T )YX exp(−T 2

τ /T 2)

1 + n−1
He (mαT )

3

2 (2π)−
3

2 exp(−Eb/T )
(3)

%
nb(T )YX exp(−T 2

τ /T 2)

1 + T−
3

2 exp(45.34 − 350/T )
,

where we used temperature in KeV and nHe % 0.93 ×
10−11T 3. One can check that the recombination rate
of X− and 4He is somewhat larger than the Hubble
scale, which justifies the use of (3). The border-line
temperature when half of X− is in bound states is
8.3 KeV. Finally, the exponential factor in the numer-
ator of (3) accounts for the decay of X−, and the con-
stant Tτ is determined from the Hubble rate and τ :
Tτ = T (2τH(T ))−1/2.

Li
6

He
4He

4
Li
6

D ! D

X
!X( !)

FIG. 1: SBBN and CBBN mechanisms for producing 6Li.

Photonless production of 6Li. The standard mecha-
nism for 6Li production in SBBN is “accidentally” sup-
pressed. The D-4He cluster description gives a good
approximation to this process, and the reaction rate
of (1) is dominated by the E2 amplitude because the
E1 amplitude nearly vanishes due to an (almost) iden-
tical charge to mass ratio for D and 4He. In the E2
transition, the quadrupole moment of D-4He interacts
with the gradient of the external electromagnetic field,
Vint = Qij∇iEj . Consequently, the cross section at BBN
energies scales as the inverse fifth power of photon wave-
length λ = ω−1 ∼ 130 fm, which is significantly larger
than the nuclear distances that saturate the matrix ele-
ment of Qij , leading to strong suppression of (1) relative
to other BBN cross sections [10]. For the CBBN pro-
cess (2) the real photon in the final state is replaced by
a virtual photon with a characteristic wavelength on the
order of the Bohr radius in (4HeX−). Correspondingly,
one expects the enhancement factor in the ratio of CBBN
to SBBN cross sections to scale as (a0ω)−5 ∼ 5×107. Fig-
ure 1 presents a schematic depiction of both processes.
It is helpful that in the limit of RN " a0, we can ap-
ply factorization, calculate the effective ∇iEj created by
X−, and relate SBBN and CBBN cross sections with-
out explicitly calculating the 〈D4He|Qij |6Li〉 matrix el-
ement. A straightforward quantum-mechanical calcula-
tion with ∇iEj averaged over the Hydrogen-like initial
state of (4HeX) and the plane wave of 6Li in the final
state leads to the following relation between the astro-
physical S-factors at low energy:

SCBBN = SSBBN ×
8

3π2

pfa0

(ωa0)5

(

1 +
mD

m4He

)2

. (4)

• In SUSY models with a τ NLSP, bound states form 
between 4He and τ

•The 4He (D, γ) 6Li reaction is normally highly 
suppressed (production of low energy γ)

•Bound state reaction is not suppressed

~
~

Pospelov
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Figure 2: Some (m1/2, m0) planes for A0 = 0, µ > 0 and tanβ = 10. In the upper (lower)
panels we use m3/2 = 100 GeV (m3/2 = 0.2 m0). In the right panels the effects of the stau
bound states have been included, while in those on the left we include only the effect of the
NSP decays. The regions to the left of the solid black lines are not considered, since there
the gravitino is not the LSP. In the orange (light) shaded regions, the differences between
the calculated and observed light-element abundances are no greater than in standard BBN
without late particle decays. In the pink (dark) shaded region in panel d, the abundances lie
within the ranges favoured by observation, as described in the text. The significances of the
other lines and contours are explained in the text.
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Figure 3: Some more (m1/2, m0) planes for µ > 0. In the upper panels we use m3/2 = 0.2 m0

and tanβ = 57, whilst in the lower panels we assume mSUGRA with m3/2 = m0 and
A0/m0 = 3 −

√
3 as in the simplest Polonyi superpotential. In the right panels the effects of

the stau bound states have been included, while in those on the left we include only the effects
of the NSP decays. As in Fig. 2, the region above the solid black line is excluded, since
there the gravitino is not the LSP. In the orange shaded regions, the differences between
the calculated and observed light-element abundances are no greater than in standard BBN
without late particle decays. The meanings of the other lines and contours are explained in
the text.
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Direct Detection of NDM in the mSugra models

VCMSSM, µ>0, !=45 MeV
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NUHM

• Drop unification of scalar masses

• All Higgs soft masses, m1 and m2, to be 
chosen independently of m0

• Allows μ and mA to be free parameters

NUHM



The m0 – m1/2 plane
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Direct Detection in the NUHM

EOSS
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Hint of Higgs? 

Not possible in CMSSM (light Higgs)
but barely possible in NUHM

5

mvis  (GeV)

-

(a) τeτhad and τµτhad channels combined

mvis  (GeV)

-

(b) τeτµ channel

FIG. 1: Partially reconstructed di-tau mass. The normalization of the backgrounds and signal (mA=160 GeV/c2) correspond
to the fit results for signal exclusion at 95% CL.

IV. RESULTS

To probe for possible Higgs signal we perform binned likelihood fits of the partially reconstructed mass of the di-τ
system (mvis) defined as the invariant mass of the visible tau decay products and /ET . In the fits, the backgrounds
are allowed to float within limits set by Gaussian constraints corresponding to the systematic uncertainties in trigger
efficiencies, particle identification, production cross sections, PDF’s, event cuts, and luminosity measurement.

Potential differences in mvis shapes between data and the MC simulation in different channels are treated as
systematic uncertainties using a ”template morphing” technique. We create signal and background mvis templates
with nominal MC energy scales, and energy scales shifted according to the uncertainties in the electron, tau, and
jet energies. In calculating the expected number of events in a bin, we allow a morphing parameter to control the
admixture of the nominal and shifted bin efficiency.

An example fit for mA = 160 GeV/c2 is shown in Figure IV. The normalization of the backgrounds and signal
corresponds to the fit results for 95% CL signal exclusion.

We observe no signal evidence for mA = 90 − 250 GeV/c2, and set exclusion limits at 95% CL on σ(pp̄ →
φ + X) × BR(φ → ττ) as shown in Figure 2. The sensitivity of the limit-setting procedure is determined from MC
simulations assuming no signal. The results are shown on Figure 2 as ”expected limits”. The observed limits are
weaker than the expectation due to some excess of events in the data sample. We perform pseudo-experiments to
quantify the significance of the excess and find that it is less than 2σ (when the entire mass range is considered).
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I. INTRODUCTION

One of the outstanding questions in modern particle physics is the dynamics of electroweak (EW) symmetry breaking
and the origin of particle masses. In the standard model (SM), EW symmetry is spontaneously broken through the
Higgs mechanism [1], by the introduction of a doublet of self-interacting complex scalar fields with non-zero vacuum
expectation values. The physical manifestation of this scenario is the existence of a massive scalar Higgs boson
hSM . Theoretical difficulties related to divergent radiative corrections to the hSM mass have natural solution in
supersymmetric (SUSY) models.

The minimal supersymmetric extension of the standard model (MSSM) is the simplest realistic SUSY theory. It
requires two Higgs doublets resulting in a Higgs sector with two charged and three neutral scalar bosons. Assuming
CP -invariance, one of the neutral bosons (A) is CP -odd, and the other two (h,H) are CP -even. Throughout this
Note we use h (H) for the lighter (heavier) CP -even neutral Higgs boson, and φ to denote any of h,H,A. At tree level,
the MSSM Higgs bosons are described by two free parameters, chosen to be the mass of A (mA), and tanβ = v2/v1,
where v2, v1 are the vacuum expectation values of the neutral Higgs fields that couple to up-type and down-type
fermions, respectively. The Yukawa couplings of A to down-type fermions (such as the b quark and τ) are enhanced
by a factor of tan β relative to the SM. For large tanβ one of the CP -even bosons is nearly mass-degenerate with A
and has similar couplings.

There are two dominant production mechanisms of neutral MSSM Higgs bosons at hadronic colliders: gluon fu-
sion [2] and bb̄ fusion [3, 4]. The leading decay modes of A and the corresponding mass-degenerate CP -even Higgs
boson are φ→ bb̄ (∼ 90%) and φ→ ττ (∼ 10%). Despite the smaller branching fractions, Higgs searches in the di-τ
channel have advantages. They do not suffer from the large di-jet and multi-jet backgrounds as φ→ bb̄.

The LEP experiments have excluded mA ! 93 GeV/c2, and higher-mass A for small tanβ [5]. Searches at hadron
colliders are complementary, providing sensitivity in the large tanβ region. Searches in Run II of the Tevatron by
the CDF and DØ collaborations for φ → bb̄ [6] and φ → ττ [7, 8] have excluded substantial regions of the MSSM
parameter space.

In this Note we present the results of a search for inclusive production of neutral MSSM Higgs bosons in pp̄ collisions
at
√

s=1.96 TeV. The search is performed in the φ→ ττ decay channel and uses data collected with the CDF detector
in Run II of the Fermilab Tevatron. We detect the tau pairs in three final states: τeτhad, τµτhad, and τeτµ, where τe,
τµ, and τhad are short-hand notations for the decay modes τ → eνeντ , τ → µνµντ , and τ → hadrons ντ , respectively.
The analyzed data sample corresponds to an integrated luminosity of 992 pb−1.

II. THE CDF DETECTOR

CDF II is a general purpose detector built to study particles produced in pp̄ collisions at
√

s=1.96 TeV. The
following is a short overview of the systems relevant to this search.

The CDF II tracking system consists of a cylindrical wire drift chamber and silicon micro-strip detectors, coaxial
with the p and p̄ beams. It is immersed in a 1.4 T uniform magnetic field produced by a superconducting solenoid.
Electromagnetic (EM) and hadronic (HAD) sampling calorimeters are located outside the tracking system and cover
pseudorapidity |η| < 3.6. They are divided into towers with projective geometry. A Shower Maximum Detector (CES)
is embedded in the EM calorimeter at a depth of six radiation lengths. CES consists of proportional chambers with
anode wires going parallel to the beam axis, and orthogonal cathode strips. CES is used to determine the position
of electromagnetic showers with spatial resolution of ∼ 0.5 cm. Muons are identified by a system of drift chambers
located outside the calorimeter volume. The combined coverage of the central muon detectors extends to |η| < 1.1.
The luminosity is measured by gas Cherenkov counters located in the detector far forward and backward regions
(3.7 < |η| < 4.7) with 6% precision [9]. Detailed description of CDF II can be found in [10].

III. DATA SAMPLE & EVENT SELECTION

The events for the τeτhad and τµτhad detection modes were selected with “lepton plus track” triggers [11]. They
require a lepton (e, µ) candidate and an isolated track with transverse momentum pT > 5 GeV/c, both pointing to
the central detector (|η| ! 1) and having azimuthal separation ∆ϕ > 10◦. At trigger level, an electron is defined as a

The searches for the bosons appearing in its extended Higgs sector are among the most

promising ways to search for evidence of supersymmetry (SUSY) at the Tevatron collider.

The CDF and D0 Collaborations have already established important limits on the (heavier)

MSSM Higgs bosons, particularly at large tanβ [1–5]. Recently the CDF Collaboration,

investigating the channel

pp̄ → φ → τ+τ−, (φ = h, H, A) , (1)

has been unable to improve these limits to the extent of the sensitivity expected with the

analyzed integrated luminosity of ∼ 1 fb−1 [4], whereas there is no indication of any similar

effect in D0 data [5].1 Time will tell whether the CDF effect persists. Within the MSSM the

channel (1) is enhanced as compared to the corresponding SM process by roughly a factor of

tan2 β /((1+∆b)2+9) [7], where tan β is the ratio of the two vacuum expectation values, and

∆b includes loop corrections to the φbb̄ vertex (see Ref. [7] for details) and is subdominant

for the τ+τ− final state. Correspondingly, the unexpected weakness of the CDF exclusion

might be explicable within the MSSM if MA ≈ 160 GeV and tan β >
∼ 45 and, doubtless, also

within other theoretical frameworks.

In this paper we investigate whether light heavy Higgs bosons just beyond the region

currently excluded by CDF could be accommodated within GUT-inspired MSSM scenarios,

and what the possible consequences would be (for an analysis in the unconstrained MSSM,

see Ref. [8]). We consider the constraints imposed by other measurements, such as the limits

on BR(Bs → µ+µ−), BR(b → sγ), (g−2)µ and Mh, assuming that R parity is conserved and

that the lightest neutralino χ̃0
1 constitutes the astrophysical dark matter [9]. We first looked

for a solution within the constrained MSSM (CMSSM), in which all soft SUSY-breaking

contributions to scalar masses are assumed to unify at the GUT scale, but we found no

CMSSM parameter sets consistent with all the experimental and theoretical constraints. In

particular, obtaining low values of MA forces one to low values of m1/2. For MA % 160 GeV

and the other parameters tuned to fulfill the B physics constraints, there are no CMSSM

solutions for which the lightest Higgs mass is not in direct contradiction with experimental

limits [10,11]. However, we do find that all the constraints may be satisfied in the case that

universality at the GUT scale is relaxed for the scalar Higgs mass parameters (the NUHM

model [12–15]). Consideration of this modest generalization of the CMSSM is motivated by

the fact that, whereas universality of the soft supersymmetry-breaking squark and slepton

1The same analysis shows a deficit of Z → τ+τ− events compared to the Standard Model (SM) expecta-
tion. Changing the luminosity by one σ to accomodate this ‘deficit’ would raise the observed rate of τ+τ−

final states around MA = 160 GeV slightly above the expected rate (by somewhat less than one σ) [6].

1

Enhanced by                               relative to SM
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C. Event Cuts

The events in the τeτhad (τµτhad) channel are selected by requiring one e (µ) candidate with pe(µ)
T > 10 GeV/c,

and one hadronically decaying τ candidate and opposite electric charge. Low-energy multi-jet backgrounds are
suppressed by applying a requirements on HT = |pe(µ)

T | + |phad
T | + | /ET |. For events with a 3-prong tau candidate

we require HT > 55 GeV. The jet → τ misidentification rate for 1-prong taus is lower and we relax the HT cuts to
HT > 50 (45) GeV for τeτhad (τµτhad).

Events in the τeτµ channel are selected by requiring one central electron with Ee
T > 6 GeV and one central muon

with pµ
T > 6 GeV, |Ee

T | + |pµ
T | > 30 GeV.

Backgrounds from W + jet events (with W → e(µ)ν and misidentified jet) are suppressed by imposing requirement
on the relative directions of the visible tau decay products, and /ET . We define a bisection axis ζ of the angle between
the directions of τ1 and τ2 in the transverse plane. The projections pvis

ζ = (−→p vis
1 + −→p vis

2 ) · ζ̂ and p /ET

ζ =
−→
/E T · ζ̂ are

required to satisfy p /ET

ζ > 0.6pvis
ζ − 10 GeV/c. This condition removes ∼ 85% of the surviving W + jet events, while

signal losses are < 5%. To suppress backgrounds from Z → µµ decays we do not accept events with invariant mass
of a µ and a single-track τhad candidate within 10 GeV/c2 of the Z mass if the associated cluster energy of the track
is smaller than 10 GeV or 0.4× ptrk.

The number of expected SM background events and the number of observed events in the data after applying all
selection criteria are summarized in Table I.

source τeτhad τµτhad τeτµ

Z → ττ 793.0 ± 4.7 796.6 ± 4.6 312.4 ± 2.9
Z → ee, µµ 68.3 ± 1.9 63.2 ± 1.8 11.9 ± 0.8
di-boson events 1.5 ± 0.02 1.2 ± 0.02 6.1 ± 0.1
tt̄ 1.3 ± 0.03 1.1 ± 0.03 4.7 ± 0.07
jet fakes 331.7 ± 18.2 139.4 ± 11.4 33.5 ± 3.2
Sum BG 1195.9 ± 18.9 1001.5 ± 12.5 368.6 ± 4.4
DATA 1215 1000 374

TABLE I: Predicted backgrounds and observed events in the τeτhad, τµτhad, and τeτµ channels after applying all selection cuts.
The quoted errors are statistical only.

The combined signal acceptance from the three channels (including the tau branching fractions) for a Higgs boson
of mass 90 GeV/c2 (250 GeV/c2) is 1.1% (3.3%).

D. Systematic Uncertainties

We consider two groups of systematic uncertainties. The first one includes rate uncertainties that affect the expected
number of events: the systematic uncertainties for particle identification efficiency are 2.4% (e), 2.6% (µ), and
3.0% (τhad),; the uncertainties in trigger efficiency for the electron, muon, and tau are 0.3% and 1.0%, and 3.0%,
respectively; the uncertainty in the determination of backgrounds due to jet misidentification are 6-32%; the imprecise
knowledge of the PDF’s introduces 5.7% uncertainty on signal acceptance; the uncertainty on the integrated luminosity
measurement is 6%.

The second group of uncertainties affects the shape of the distribution used for signal extraction. We consider un-
certainties in the data/MC energy scales of e and τhad (1%), and the effect of jet energy scale [17] on the determination
of missing transverse energy.

Background
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mvis  (GeV)

-

(a) τeτhad and τµτhad channels combined

mvis  (GeV)

-

(b) τeτµ channel

FIG. 1: Partially reconstructed di-tau mass. The normalization of the backgrounds and signal (mA=160 GeV/c2) correspond
to the fit results for signal exclusion at 95% CL.

IV. RESULTS

To probe for possible Higgs signal we perform binned likelihood fits of the partially reconstructed mass of the di-τ
system (mvis) defined as the invariant mass of the visible tau decay products and /ET . In the fits, the backgrounds
are allowed to float within limits set by Gaussian constraints corresponding to the systematic uncertainties in trigger
efficiencies, particle identification, production cross sections, PDF’s, event cuts, and luminosity measurement.

Potential differences in mvis shapes between data and the MC simulation in different channels are treated as
systematic uncertainties using a ”template morphing” technique. We create signal and background mvis templates
with nominal MC energy scales, and energy scales shifted according to the uncertainties in the electron, tau, and
jet energies. In calculating the expected number of events in a bin, we allow a morphing parameter to control the
admixture of the nominal and shifted bin efficiency.

An example fit for mA = 160 GeV/c2 is shown in Figure IV. The normalization of the backgrounds and signal
corresponds to the fit results for 95% CL signal exclusion.

We observe no signal evidence for mA = 90 − 250 GeV/c2, and set exclusion limits at 95% CL on σ(pp̄ →
φ + X) × BR(φ → ττ) as shown in Figure 2. The sensitivity of the limit-setting procedure is determined from MC
simulations assuming no signal. The results are shown on Figure 2 as ”expected limits”. The observed limits are
weaker than the expectation due to some excess of events in the data sample. We perform pseudo-experiments to
quantify the significance of the excess and find that it is less than 2σ (when the entire mass range is considered).
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FIG. 2: Observed and expected limits at 95% CL for Higgs production cross-section times branching fraction to τ pairs.

V. INTERPRETATION OF THE RESULTS IN MSSM

Using the theoretical predictions for the MSSM Higgs production and decay to τ pairs we interpret the limits on
σ(pp̄ → φ + X) × BR(φ → ττ) as exclusions of parameter regions in the tanβ vs mA plane. The cross sections are
obtained from SM calculations and scaling factors σMSSM/σSM accounting for the modified Higgs couplings [18].
The cross sections for gluon fusion mediated by a b-quark loop are calculated with the HIGLU program [19]. The
corresponding values for bb̄→ φ + X are taken from [4]. The scaling factors and BR(φ→ ττ) are calculated with the
FeynHiggs program [20]. They depend on mA, tanβ, the SU(2) gaugino mass parameter M2, the SUSY mass scale
MSUSY , the squark mixing parameter Xt, the gluino mass mg̃, and the Higgs mixing parameter µ. We consider four
benchmarks [21]: the mmax

h and no-mixing scenarios, with µ > 0 and µ < 0. The excluded tanβ regions as a function
of mA are shown in Figure 3.

VI. CONCLUSION

The di-τ decay channel is a powerful search mode for neutral MSSM Higgs bosons produced in pp̄ collisions. The
expected reach of the presented search extends down to tanβ ∼ 45 for mA = 120− 140 GeV/c2. The observed limits
are weaker due to excess of events in the data. The excess is not statistically significant and can not be interpreted
as evidence for new processes. Further studies and the addition of newly collected data will provide more conclusive
information.
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Can this be accounted for in Supersymmetry

CMSSM?

NUHM?



CMSSM

MA ~ 160 GeV ⇒ low m1/2



NUHM

• BR( b → s γ) - 2 main contributions - 
H± and χ± exchange

• Light Higgs A⇒ Light H± ⇒ Light χ±  ⇒

 Low m1/2

• ⇒ Light h,  non-negligible g-2

• Relic density selects μ
• Large tan β + BR( Bs → μ+ μ-) selects A0
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What’s left?

(m1/2, m0) in the range (500,1400), (700,700), (800,900)

μ ~ 400 GeV

A0 ~ -1600 - -2400 GeV



Hint of Higgs?

• Small MA and large tan β possible but very constrained 
in the NUHM (not possible in the CMSSM)

• BR( Bs → μ+ μ-) should be detected soon
• Mh close to LEP limit
• BR( b → s γ) should show deviations from SM

• g-2 discrepancy should be slightly less

• BR( Bu → τ ντ) at 1/3 SM value
• Dark Matter should be detected by CDMS and 

XENON10



Summary

• mSugra models most difficult to access 
experimental esp. if GDM

• Good indication from indirect sensitivities 
for `low’ energy signal for SUSY.

• Good prospect for Direct detection and B→ μ+ μ- 

particularly in non CMSSM models (unless GDM)
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Figure 6: Examples of VCMSSM (m1/2, m0) planes with contours of tan β superposed, for

µ > 0 and (a) Â = −1.5, (b) Â = 0.75, (c) the simplest Polonyi model with Â = 3 −
√

3,
and (d) Â = 2.0, all with B̂ = Â − 1. In each panel, we show the regions excluded by the
LEP lower limits on MSSM particles and those ruled out by b → sγ decay [31] (medium
green shading): the regions disfavoured by gµ − 2 are very light (yellow) shaded, bordered by
a thin (black) line. The dark (chocolate) solid lines in panels (a, b, c) separate the gravitino
LSP regions (below). Panel (d) exhibits a dark (red) wedge where the LSP is the rapid τ̃1.
The regions favoured by WMAP in the neutralino LSP case have light (turquoise) shading.
The dashed (pink) line corresponds to the maximum relic density for the gravitino LSP, and
regions allowed by BBN/CMB constraint on NSP decay are light (yellow) shaded.
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What do we expect?

Gaugino masses

2 Renormalization of SUSY-Breaking Mass Parame-

ters

In order to understand the changes in the allowed regions in the (m1/2, m0) plane of the
CMSSM that occur as Min is lowered, it is necessary first to understand the consequences
for the observable sparticle masses of lowering the universality scale. In the CMSSM with
universality imposed at the GUT scale, the one-loop renormalizations of the gaugino masses
Ma, where a = 1, 2, 3, are the same as those for the corresponding gauge couplings, αa.
Thus, at the one-loop level the gaugino masses at any scale Q ≤ MGUT can be expressed as

Ma(Q) =
αa(Q)

αa(MGUT )
Ma(MGUT ), (1)

where Ma(MGUT ) = m1/2. On the other hand, in a GUT-less CMSSM, where the gauge-
coupling strengths run at all scales below the GUT scale but the soft SUSY-breaking pa-
rameters run only below the lower universality scale, Min, at which all the gaugino masses
are assumed to be equal to m1/2 = Ma(Min), we have

Ma(Q) =
αa(Q)

αa(Min)
m1/2 (2)

at the one-loop level. Since the runnings of the coupling strengths in GUT and GUT-less
CMSSM scenarios are identical, the low-energy effective soft gaugino masses, Ma(Q), in
GUT-less cases are less separated and closer to m1/2 than in the usual GUT CMSSM, as
seen explicitly in panel (a) of Fig. 1 1.

The soft SUSY-breaking scalar masses are renormalized by both gauge and (particularly
in the cases of third-generation sfermions) Yukawa interactions, so the running is somewhat
more complicated. At the one-loop level one can summarize the effects of renormalizations
at any Q ≤ Min as

m2
0i

(Q) = m2
0(Min) + Ci(Q, Min)m2

1/2, (3)

where we make the CMSSM assumption that the m2
0(Min) are universal at Min, and the

Ci(Q, Min) are renormalization coefficients that vanish as Q → Min. We display in panels
(b) and (c) of Fig. 1 the two-loop-renormalized soft SUSY-breaking masses of the the first-
and second-generation left- and right-handed squarks, q̃L,R, the stop mass eigenstates, t̃1,2,
and the left- and right-handed sleptons, "̃L,R. We see again that in GUT-less cases the soft
SUSY-breaking scalar masses are less separated and closer to m0 than in the usual GUT-scale
CMSSM.

In the CMSSM, the electroweak vacuum conditions are used to fix the values of |µ|
and mA. Although we use the full two-loop renormalizations, insight into the effects of

1Note that in making this plot we have included the full two-loop renormalization-group equations for
the gaugino masses, which are not identical to those for the gauge couplings, although the difference is not
very striking.
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Thus, at the one-loop level the gaugino masses at any scale Q ≤ MGUT can be expressed as

Ma(Q) =
αa(Q)

αa(MGUT )
Ma(MGUT ), (1)
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at the one-loop level. Since the runnings of the coupling strengths in GUT and GUT-less
CMSSM scenarios are identical, the low-energy effective soft gaugino masses, Ma(Q), in
GUT-less cases are less separated and closer to m1/2 than in the usual GUT CMSSM, as
seen explicitly in panel (a) of Fig. 1 1.

The soft SUSY-breaking scalar masses are renormalized by both gauge and (particularly
in the cases of third-generation sfermions) Yukawa interactions, so the running is somewhat
more complicated. At the one-loop level one can summarize the effects of renormalizations
at any Q ≤ Min as

m2
0i

(Q) = m2
0(Min) + Ci(Q, Min)m2

1/2, (3)

where we make the CMSSM assumption that the m2
0(Min) are universal at Min, and the

Ci(Q, Min) are renormalization coefficients that vanish as Q → Min. We display in panels
(b) and (c) of Fig. 1 the two-loop-renormalized soft SUSY-breaking masses of the the first-
and second-generation left- and right-handed squarks, q̃L,R, the stop mass eigenstates, t̃1,2,
and the left- and right-handed sleptons, "̃L,R. We see again that in GUT-less cases the soft
SUSY-breaking scalar masses are less separated and closer to m0 than in the usual GUT-scale
CMSSM.

In the CMSSM, the electroweak vacuum conditions are used to fix the values of |µ|
and mA. Although we use the full two-loop renormalizations, insight into the effects of

1Note that in making this plot we have included the full two-loop renormalization-group equations for
the gaugino masses, which are not identical to those for the gauge couplings, although the difference is not
very striking.
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Figure 1: The dependences of observable sparticle mass parameters on the input scale Min at
which they are assumed to be universal: (a) gaugino masses M1,2,3, (b) squark masses, (c)
slepton mases, and (d) Higgs (m1,2, mA), stau and the lightest neutralino χ masses, as well
as µ and the U(1) gaugino mass M1. The calculations are made for the representative case
m1/2 = 700 GeV, m0 = 1000 GeV, A0 = 0, tanβ = 10 and µ > 0.
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What do we expect?

Gaugino masses

2 Renormalization of SUSY-Breaking Mass Parame-

ters

In order to understand the changes in the allowed regions in the (m1/2, m0) plane of the
CMSSM that occur as Min is lowered, it is necessary first to understand the consequences
for the observable sparticle masses of lowering the universality scale. In the CMSSM with
universality imposed at the GUT scale, the one-loop renormalizations of the gaugino masses
Ma, where a = 1, 2, 3, are the same as those for the corresponding gauge couplings, αa.
Thus, at the one-loop level the gaugino masses at any scale Q ≤ MGUT can be expressed as

Ma(Q) =
αa(Q)

αa(MGUT )
Ma(MGUT ), (1)

where Ma(MGUT ) = m1/2. On the other hand, in a GUT-less CMSSM, where the gauge-
coupling strengths run at all scales below the GUT scale but the soft SUSY-breaking pa-
rameters run only below the lower universality scale, Min, at which all the gaugino masses
are assumed to be equal to m1/2 = Ma(Min), we have

Ma(Q) =
αa(Q)

αa(Min)
m1/2 (2)

at the one-loop level. Since the runnings of the coupling strengths in GUT and GUT-less
CMSSM scenarios are identical, the low-energy effective soft gaugino masses, Ma(Q), in
GUT-less cases are less separated and closer to m1/2 than in the usual GUT CMSSM, as
seen explicitly in panel (a) of Fig. 1 1.

The soft SUSY-breaking scalar masses are renormalized by both gauge and (particularly
in the cases of third-generation sfermions) Yukawa interactions, so the running is somewhat
more complicated. At the one-loop level one can summarize the effects of renormalizations
at any Q ≤ Min as

m2
0i

(Q) = m2
0(Min) + Ci(Q, Min)m2

1/2, (3)

where we make the CMSSM assumption that the m2
0(Min) are universal at Min, and the

Ci(Q, Min) are renormalization coefficients that vanish as Q → Min. We display in panels
(b) and (c) of Fig. 1 the two-loop-renormalized soft SUSY-breaking masses of the the first-
and second-generation left- and right-handed squarks, q̃L,R, the stop mass eigenstates, t̃1,2,
and the left- and right-handed sleptons, "̃L,R. We see again that in GUT-less cases the soft
SUSY-breaking scalar masses are less separated and closer to m0 than in the usual GUT-scale
CMSSM.

In the CMSSM, the electroweak vacuum conditions are used to fix the values of |µ|
and mA. Although we use the full two-loop renormalizations, insight into the effects of

1Note that in making this plot we have included the full two-loop renormalization-group equations for
the gaugino masses, which are not identical to those for the gauge couplings, although the difference is not
very striking.
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at the one-loop level. Since the runnings of the coupling strengths in GUT and GUT-less
CMSSM scenarios are identical, the low-energy effective soft gaugino masses, Ma(Q), in
GUT-less cases are less separated and closer to m1/2 than in the usual GUT CMSSM, as
seen explicitly in panel (a) of Fig. 1 1.

The soft SUSY-breaking scalar masses are renormalized by both gauge and (particularly
in the cases of third-generation sfermions) Yukawa interactions, so the running is somewhat
more complicated. At the one-loop level one can summarize the effects of renormalizations
at any Q ≤ Min as
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0i

(Q) = m2
0(Min) + Ci(Q, Min)m2

1/2, (3)

where we make the CMSSM assumption that the m2
0(Min) are universal at Min, and the

Ci(Q, Min) are renormalization coefficients that vanish as Q → Min. We display in panels
(b) and (c) of Fig. 1 the two-loop-renormalized soft SUSY-breaking masses of the the first-
and second-generation left- and right-handed squarks, q̃L,R, the stop mass eigenstates, t̃1,2,
and the left- and right-handed sleptons, "̃L,R. We see again that in GUT-less cases the soft
SUSY-breaking scalar masses are less separated and closer to m0 than in the usual GUT-scale
CMSSM.

In the CMSSM, the electroweak vacuum conditions are used to fix the values of |µ|
and mA. Although we use the full two-loop renormalizations, insight into the effects of

1Note that in making this plot we have included the full two-loop renormalization-group equations for
the gaugino masses, which are not identical to those for the gauge couplings, although the difference is not
very striking.
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The μ parametervarying Min on the required values of |µ| and mA can be gleaned from simple leading-order
expressions. The tree-level solution for µ is

µ2 =
m2

1 − m2
2 tan2 β

tan2 β − 1
−

M2
Z

2
, (4)

where m1 and m2 are the soft Higgs masses associated with H1 and H2, respectively. The
variation of µ with Min for one fixed pair of values of (m1/2, m0) is seen in panel (d) of
Fig. 1, where we see that the solution of (4) for µ2 becomes negative and unphysical for
Min < 1010 GeV. For this value of Min, values of m0 > 1000 GeV would not yield physical
electroweak vacua. One can see from (3) and panels (b) and (c) of Fig. 1 that, as Min

decreases, the soft scalar masses remain closer to the input value, m0. This has the converse
result that, for any fixed m1/2, as the universality scale is lowered, µ2 changes sign and
becomes unphysical at smaller values of m0, causing the upper boundary of the unphysical
region to creep down farther into the (m1/2, m0) plane. This explains the encroachment of
the upper-left excluded regions in the (m1/2, m0) planes shown later in Figures 2 - 5, as Min

decreases.
The weak-scale value of mA decreases with Min logarithmically, as also seen in panel (d)

of Fig. 1, and also in panels (c) and (d) of Fig. 3 of [15]. In addition to its importance for
the direct detection of the near-degenerate A, H and H± bosons, this feature is important
indirectly for several aspects of our later discussion. One is the constraints from heavy-
flavour physics to be discussed in the next section: since b → sγ and Bs → µ+ µ− at large
tan β have important contributions from the exchanges of heavier Higgs bosons, the impact
of these constraints increases as mA decreases and hence as Min decreases. A second impact
of mA is on the cold dark matter density: since a rapid-annihilation funnel appears when
mχ # mA/2, for fixed values of the other parameters such as tanβ, m0 and A0, this funnel
appears at lower mχ and hence m1/2 as Min decreases. Finally, another potential impact
is on the spin-independent neutralino dark-matter scattering cross section, which receives a
significant contribution from heavy Higgs exchange, as discussed later.

In addition to the excluded regions in the upper left corners of each of the (m1/2, m0)
planes shown in Figures 2-5 where electroweak symmetry breaking is not obtained, we see
a second major excluded region in the lower right corner of each panel. In these regions of
the plane, the lightest stau, τ̃1, becomes lighter than the lightest neutralino, resulting in a
charged LSP, which is incompatible with general arguments from astrophysics and cosmology.
As we see from (3), as Min decreases the positive coefficient Cτ̃1 also decreases because Min

is approaching the low scale, Q. Hence mτ̃1 gets progressively closer to m0 for any fixed m1/2,
as seen in panel (c) of Fig. 1. At the same time, the gaugino masses remain closer to m1/2 as
Min decreases, implying that, as long as the lightest neutralino remains essentially a bino, its
mass becomes a larger portion of the universal gaugino mass. This can be seen in panel (d)
of Fig. 1, where for this particular point in the (m1/2, m0) plane, the LSP mass tracks that of
the bino for Min ! 1012 GeV. As a result, for fixed m1/2 and m0, as the universality scale Min

is lowered from MGUT , initially mχ1
increases and mτ̃1 decreases. Hence, as Min decreases

for any fixed m1/2, a larger value of m0 is required to enforce the condition mχ1
≤ mτ̃1 . For

this reason, the lower-right excluded regions in the (m1/2, m0) planes shown in Figures 2 - 5
initially expand as Min decreases.
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Figure 1: The dependences of observable sparticle mass parameters on the input scale Min at
which they are assumed to be universal: (a) gaugino masses M1,2,3, (b) squark masses, (c)
slepton mases, and (d) Higgs (m1,2, mA), stau and the lightest neutralino χ masses, as well
as µ and the U(1) gaugino mass M1. The calculations are made for the representative case
m1/2 = 700 GeV, m0 = 1000 GeV, A0 = 0, tanβ = 10 and µ > 0.
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