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•LHCPhysics now. 

•Impact of “Higgs discovery”

•SUSY search strategy 

•SUSY DM study at collider 

•SUSY study in 2012 

Conclusion: There has not been much yet 
in that direction  
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Why we have NOT 
found anything 

<<so far>> 
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Because we understand QCD better now 

• In 90’s: We do not know  how to calculate process at the 
hadrdon collider   “I do not trust hadron collider physics” is 
typical attitudes in e+e-collider funs in 90’s 

• Now: we understand higher 
oder QCD (multijet process)  
better .  (but only very 
recently. ) 

• Therefore we do not “discover” 
much until we should discover 
them. ( unlike the era of SPS )

• Collider physics is more mature as we can “calibrate” using 
plenty of data, unlike dark matter search. ) 

photo 1972 
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Cross Section

Data vs Theory Ratio of Cross-sections

 n jets)!Jet Multiplicity ( 
0 1 2 3 4

(T
h

e
o

ry
)

"
(D

a
ta

)/
" 0.5

1

1.5

2

2.5
CDF Run II Preliminary

-1
 n jets, 127 pb! + #e$W

 |<2.4)D%>15 GeV,|TJetClu R=0.4 (E

2
W= MR/FµLO QCD 

>
2

T= <pR/FµLO QCD 

 n jets)!Jet Multiplicity ( 
1 2 3 4

 n
-1

 j
e
ts

)
!

( 
"

 n
 j
e
ts

)/
!

( 
"

0.1

0.2

0.3
CDF Run II Preliminary

-1
 n jets, 127 pb! + #e$W

 |<2.4)D%>15 GeV,|TJetClu R=0.4 (E

2
W= MR/FµLO QCD 

>
2

T= <pR/FµLO QCD 

-1
Run II 127 pb

-1
Run I 108 pb

The smaller renormalization scale yields a

higher cross section since αs has a higher

value at low q2; moreover, this scale is

strongly dependent on the kinematics of the

process through the pt of the jets. The cross

section with this scale crosses the measured

values for W + ≥ 2 jets.

The ratio measures the decrease in the cross

section with the addition of 1 jet. The

behaviour as a function of n-jets is

compatible with a straight line; the deviation

could be interpreted as a contribution to the

W + ≥ 2 jet cross section from parton level

topologies not present in the W + ≥ 1 jet.

Measurement ofW± → e±ν + Inclusive n-jets Cross Sections with CDF Data at Tevatron Run II – p.15/19

2003 
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page Andrea Messina - CERN

W/Z + jets physics in pp collisions at 7 TeV with the ATLAS detector EPS-HEP  22 Jul, 2011

/ 17

W/Z + jet results

8

dominant systematics

! JES: 8(26)% for Nj"1(4)

! jets from pile-up #7%

! lep. reco. # 2%

! QCD bkgd # 2%

! unfolding # 2%

• cross section measured as a function of several kinematic 
variables (see end of this talk)

• very good agreement with NLO predictions from MCFM and 
Blackhat-Sherpa in the total and differential cross sections

• good agreement with matched LO prediction from AlpGen 
and Sherpa once normalized to the NNLO prediction 

• Poor agreement with LO PYTHIA in the high jet multiplicity
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Background and discovery

• Jets + gauge boson distribution at LHC are  with simulation thanks to the 
multi-jet calculation and matching by Sherpa, Alpgen, Madgraph, and 
various NLO generators. 

• On the other hand, once you apply cuts, cuts, cuts, to estimate the 
backgrounds in the signal region, there are still some error. We are not in 
the level to discuss the distribution where only 1/1000 of total events 
exists. In addition there are mis-measurements

• This is where some Higgs searches and SUSY searches are. 

• background is estimated from the control region, for example  the tail of 
missing ET is estimed  by the sample where Z->ee is observed and so on.  
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Higgs searches and 
SUSY scale 
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SM Higgs mass and MSSM 

• current value of top mass 
is 172±2.2

• Higgs mass above 130 
GeV is very difficult for 
MSUSY (mstop) ~1TeV 

• On the other hand current 
higgs mass data may favor 
the region above 130 
GeV (see detail in the 
following slides) 

3.2 The lightest MSSM Higgs boson mass

The light CP-even MSSM Higgs boson mass, mh, depends at tree-level on MA and tan β. Via
loop corrections, see Sect. 2.7.1, it depends most strongly on the top quark mass and on the
parameters of the scalar top sector. As an example, in Fig. 3.16 we show mh as a function of
tanβ in two benchmark scenarios, the mmax

h and the no-mixing scenario [33], see App. B. mh

is shown for a central value of mt = 178.0 GeV (dashed curves), and the variation with mt

by ±4.3 GeV is shown as the shaded (green) band. Higher mh values are obtained for larger
mt. (All results in this section have been obtained with FeynHiggs2.1 [99,175,180,181].)

From the result for the mmax
h scenario in Fig. 3.16 the upper bound of mh

<∼ 136 GeV
for mt = 178 GeV and MSUSY = 1 TeV (neglecting the intrinsic theoretical uncertainties)
can be read off that was mentioned in Sect. 2.7. Allowing a 1 σ variation of mt shifts the
upper bound on mh to about 140 GeV. The variation of the mh prediction with mt is even
larger in the region of small tanβ. Fig. 3.16 shows that a 1 σ upward fluctuation of mt shifts
the minimum of mh in the mmax

h scenario to a value above 114 GeV. Thus, in this case the
exclusion bound from LEP does not rule out any value of tanβ. The comparison of the
MSSM prediction with the LEP exclusion bound is shown in more detail in Fig. 3.18 below.
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Figure 3.16: mh is shown as a function of tanβ in the mmax
h and the no-mixing scenario.

mt has been varied in the interval mt = 178.0 ± 4.3 GeV.

The relevance of the parametric uncertainty in mh induced by different experimental
errors on mt is emphasized in Fig. 3.17 [63], where the prediction for mh is shown as a
function of MA in the mmax

h benchmark scenario. The evaluation of mh has been done for a

85

テキスト

MSUSY =1TeV 

from famous review 
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Figure 15: The expected and observed signal significances for various Higgs boson mass hypotheses,
with an integrated luminosity of 1.04 fb−1 at 7 TeV. The observed significances at neighboring mass
points are highly correlated due to the limited mass resolution resulting from the two neutrinos in the
H→WW(∗)→ !ν!ν decay.

10 Conclusion421

A search for the Standard Model Higgs boson has been performed in the H→WW(∗)→ !ν!ν channel422

using 1.04 fb−1 of pp collisions recorded by the ATLAS detector. No significant excess of events over423

the expected background has been observed. A Higgs boson with a mass in the range from 158 GeV424

to 186 GeV is excluded at 95% confidence level, while the expected Higgs boson mass exclusion range425

is 142 ≤ mH ≤ 186 GeV. An excess of events in data corresponding to more than 2σ significance is426

observed for the Higgs boson mass range from 126 GeV to 158 GeV, with the largest deviation being427

2.7σ for a Higgs boson mass of 130 GeV.428
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Figure 1: The invariant mass distribution for the candidate events selected, the total background and

the signal expected in the H → γγ , H → ZZ(∗) → !!!! the WH (lνbb̄) and ZH (!+!−bb̄), and the H →
WW (∗) → !ν!ν channels. For the H → γγ channel the signal is multiplied by factor of 5 and is illustrated

for a Higgs boson mass hypothesis of mH = 120 GeV. For the H → bb̄ associated production channels,

the Higgs boson mass hypothesis is also mH = 120 GeV, but the multilicative factor is 20. For the

H → ZZ(∗) → !!!! the Higgs boson mass hypothesis is mH = 210 GeV and no multiplicative factor is

applied. For the H → WW (∗) → !ν!ν channel the Higs boson mass hypothesis is mH = 150 GeV and

no multiplicative factor is applied.

4 Systematic Uncertainties189

The combination of Higgs boson search channels is not only useful to optimally take advantage of the190

full statistical discrimination of the signal from the background in various independent channels, but191
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Figure 1: The invariant mass distribution for the candidate events selected, the total background and

the signal expected in the H → γγ , H → ZZ(∗) → !!!! the WH (lνbb̄) and ZH (!+!−bb̄), and the H →
WW (∗) → !ν!ν channels. For the H → γγ channel the signal is multiplied by factor of 5 and is illustrated

for a Higgs boson mass hypothesis of mH = 120 GeV. For the H → bb̄ associated production channels,

the Higgs boson mass hypothesis is also mH = 120 GeV, but the multilicative factor is 20. For the

H → ZZ(∗) → !!!! the Higgs boson mass hypothesis is mH = 210 GeV and no multiplicative factor is

applied. For the H → WW (∗) → !ν!ν channel the Higs boson mass hypothesis is mH = 150 GeV and

no multiplicative factor is applied.

4 Systematic Uncertainties189

The combination of Higgs boson search channels is not only useful to optimally take advantage of the190

full statistical discrimination of the signal from the background in various independent channels, but191 6
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6 Selection and Background Estimates for H+0 jet208

Events which contain two leptons, high Emiss
T,rel, and no jets with pT > 25 GeV and |η| < 4.5 are considered209

for the H + 0 jet analysis and required to satisfy the following additional cuts:210

• The transverse momentum of the dilepton system, |P""T |, is required to be at least 30 GeV.211

• The dilepton invariant mass is required to satisfy m"" < 50 GeV or m"" < 65 GeV for predicted212

Higgs boson masses in the regions mH < 170 GeV and mH ≥ 170 GeV, respectively.213

• The two leptons from the Higgs boson decay tend to emerge from the interaction point in a similar214

direction due to the spin correlation present in the WW system due to the spin zero nature of the215

Higgs boson. The dilepton opening angle in the transverse plane, ∆φ"", is required to be less than216

1.3 (1.8) radians for mH < 170 GeV (mH ≥ 170 GeV).217

• The transverse mass, mT, is required to satisfy 0.75 × mH < mT < mH , where transverse mass is218

defined as [63]219

mT =

√

(E""T + Emiss
T )2 − (P""T + Pmiss

T )2, (2)

where E""T =
√

(P""T )2 + m2
"", |P

miss
T | = Emiss

T and P""T is the transverse momentum of the dilepton220

system.221

Table 4 shows the expected numbers of signal and background events after applying each cut, for a222

Higgs mass of 150 GeV, in 1.04 fb−1 of integrated luminosity. The rightmost column shows the observed223

numbers of events in the data. The dominant background after all cuts in the H + 0 jet channel comes224

from continuum WW production, with a smaller contribution from top events (tt̄ and single top). The225

distributions of the variables used for the topological selections are compared between data and MC after226

the jet veto has been applied in Fig 6. The large uncertainties on the Z/γ∗+jets background is mainly227

coming from the Emiss
T,rel uncertainties. The shape of the data is in good agreement with what is predicted228

from the MC. The distributions of the invariant dilepton mass of the two selected leptons after the cut229

on the transverse momentum p""T of the two selected leptons is shown in Fig. 7 on the left side. The230

distributions of the azimuthal opening angle ∆Φ"", after the invariant mass cut, is shown in Fig. 7 on the231

right side. Figure 8 shows the transverse mass distribution in the H + 0 jet analysis after all cuts except232

that on the transverse mass.233

The backgrounds are normalized using control samples selected in the data with similar selections as234

those used in the signal region. The control sample selections are aimed at minimizing the contamination235

from the expected signal and to keep the contamination from other background sources low.236

• The WW control region is defined using the same selections as in the signal region, except that237

the upper selection on m"" is replaced with a lower bound m"" > 80 GeV. The ∆φ"" and the mT238

selections are also removed. Since the Z mass veto is also applied in the ee and µµ channels, the239

m"" cut in these two channels is effectively m"" > mZ + 15 GeV. Table 5 shows the expected and240

observed event yields in this region.241

• The Z/γ∗+jets background is determined by scaling the yield in MC by an Emiss
T mismodelling fac-242

tor determined from two control regions in both data and MC. Following the procedure described243

in Ref. [21], the mismodelling factor for the ee channel is determined to be 1.01 ± 0.09 and the244

mismodelling factor for the µµ channel is determined to be 0.92 ± 0.06. The correction factors for245

the Z/γ∗+jets background estimates are applied in the likelihood function and are not reflected in246

the Tables 4 and 5.247
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be careful! 
• h→WW→ lνlν is a channel without good kinematical constraint. 

• ATLAS  Basic cuts are mll<50(60)GeV, Δφ< 1.3(1.8)  0.75mH<MT<mH. And 
you counts the number of events in the bin. This is a counting experiment. 

• The background is WW for 0 jet channel and tt and WW for 1 jet channel. 

• Background and signal distribution: not much different. No “discovery” this year. 
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Singlet and no additinonal 
matter up to GUT scale

• Largest Higgs mass achieved around 
tanβ=2, no enhancement ∝ tanβ^2 is 
expected, which is generally bad for 
SUSY DM searches. 

• In addition singlet component of LSP 
(of cource reduce the coupling to the 
matter. For large λ there are always 
some mixing. 
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Figure 1: Upper bound on the lightest Higgs mass in the NMSSM for mtop = 178 GeV
(thick full line: mA arbitrary, thick dotted line: mA = 1 TeV) and mtop = 171.4 GeV
(thin full line: mA arbitrary, thick dotted line: mA = 1 TeV) and in the MSSM (with
mA = 1 TeV) for mtop = 178 GeV (thick dashed line) and mtop = 171.4 GeV (thin dashed
line) as obtained with NMHDECAY as a function of tanβ. Squark and gluino masses are
1 TeV and Atop = 2.5 TeV.

fig. 1. Now we get an upper bound of 130.1 GeV for mtop = 178 GeV (resp. 124.7 GeV for

mtop = 171.4 GeV) at tanβ = 10. For larger values of tanβ, the upper bound on mh remains

essentially the same as in the MSSM.

Hence, our main result is that the upper bound on mh is ∼ 12 GeV (for mtop = 178 GeV)

or ∼ 16 GeV (for mtop = 171.4 GeV) larger in the NMSSM as compared to the MSSM, and

is obtained for small tanβ. For very large tanβ, the difference between the upper bound on

mh in NMSSM and in the MSSM vanishes, if mA is assumed to remain smaller than a few

TeV.

Let us compare this bound on mh to earlier work: it is about 6 GeV larger than the

one obtained from fig. 4 in ref. [7] (for the corresponding values for mtop). Also the value of

tanβ, where this bound is reached, is now smaller (∼ 2 compared to ∼ 3 in ref. [7]). These

8
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Higgs mass in NMSSM 
• Higgs mass above 130 GeV is very 

difficult to achieve in MSSM 

• Higgs mass above 140 GeV is also 
hard to achieve for NMSSM 

• in NMSSM upper limit of coupling 
is determined by finiteness at GUT 
scale.  

mass limit we do not restrict ourselves to these possibili-
ties but consider other options. Although splitted SU(5)
representations are difficult to arrange in GUT models,
they can easily arise in string models and may even help
in solving the mismatch between the MSSM unification
scale and the String scale [degenerate full SU(5) multi-
plets do not modify (at one-loop) the unification scale].

We assume that any model must contain at least the
two minimal Higgs doublets H1,2 required to give quarks
and leptons their masses. In principle, more than two
Higgs doublets could be involved in SU(2)L × U(1)Y

breaking, but in such a case a rotation in field space can
be made so that only H1,2 have non-zero vacuum expecta-
tion values. Additional higher Higgs representations are
generally very constrained by ρ = M2

W /M2
Z cos2 θW " 1.

In addition, if they contribute significantly to the W±

and Z0 masses, the Higgs bound, sensitive to the dou-
blet contribution, gets weaker and, in addition, other
light Higgses appear in the spectrum [4]. It is thus
conservative to assume that 〈H0

1,2〉 are responsible for
all the breaking and thus, the known Z0 mass fixes
〈H0

1 〉2 + 〈H0
2 〉2= v2.

To maximize the upper bound on mh we next assume
that the model also contains extra chiral multiplets with
the appropriate quantum numbers to give couplings of
the form W = hXXHiHj . Thus, X can only be a singlet
(S) or a Y = 0,±1 triplet (TY ). From the gauge-invariant
trilinear superpotential

W = λ1H1 · H2S + λ2H1 · T0H2

+ χ1H1 · T1H1 + χ2H2 · T−1H2, (3)

the tree-level mass bound follows (we correct here a nor-
malization error in Refs. [8,9]):

m2
h/v2 ≤

1

2
(g2 + g′2) cos2 2β + (λ2

1 +
1

2
λ2

2) sin2 2β

+ 4χ2
1 cos4 β + 4χ2

2 sin4 β. (4)

The different dependence of the various terms with tanβ
will make them important in different regimes. In partic-
ular we already anticipate that, in the large tanβ region,
the χ2 contribution will be crucial for the upper limit. S
and T0 have the same dependence while it can be shown
that the effect of λ1 is always be more important than
that of λ2. For this reason we will not take into account
the possible effect of T0 representations.

2. As the next step, one should impose triviality
bounds on the extra couplings entering (4) by assuming
they do not reach a Landau pole below the unification
scale. As stressed in [10,11], large values of the gauge
couplings slow down the running of Yukawa couplings
with increasing energy and so they can be larger at the
electroweak scale. To get numerical values for these up-
per bounds we then have to specify further the particle
content of the model, imposing gauge coupling unifica-
tion and making the gauge couplings as large as possible.
For the renormalization group (RG) analysis we consider

that all superpartners can be roughly characterized by
a common mass MSUSY below which the effective the-
ory is just the SM and, restricted by naturalness, we
take MSUSY = 1 TeV. No such constraint should be im-
posed on extra matter in vector like representations, like
(5+5̄) SU(5) pairs, which could be present at intermedi-
ate scales. By setting their masses down to 1 TeV we are
enhancing their effect on the running of gauge couplings,
which being stronger will also tend to increase the mh

bound.
To achieve unification with only one scale MSUSY fixed

to 1 TeV is not completely trivial. When the MSSM
is enlarged by one singlet S and a pair {T1, T−1} (to
cancel anomalies) the running g2

1 = 5g′2/3 and g2 meet
at MX ∼ 1017 GeV. Interestingly enough, this is closer
to the Heterotic String scale than the MSSM unification
scale. Of course, g2

3 fails to unify unless extra matter is
added. This can be achieved, for example, by adding 4
(3+3̄) [SU(2)L×U(1)Y ‘singlet quark’ chiral multiplets]
or one (3 + 3̄) plus one SU(3)c octet. In addition to
this, one can still have one (5+5̄) SU(5) pair, which will
not change the unification scale. The unification of the
couplings is shown in Figure 1 (solid lines).

FIG. 1. Running αi’s (= g2
i
/4π) for the model discussed in the

text (solid lines) and upper perturbative limit (dashed lines) with

t = log(Q/MSUSY ).

For comparison, dashed lines show the running cou-
plings when their beta functions are chosen in such a
way that all couplings reach a Landau pole at the unifica-
tion scale. In this case the low-energy couplings are fully
determined by the ‘light’ matter content of the model,

2

which determines the RG beta functions. This behaviour
is dubbed non-perturbative unification [12] and was long
ago proposed as an alternative to conventional unifica-
tion, with the attractive feature of having less sensitivity
of the low-energy couplings to high-energy physics (In
addition, the choice of ki normalization factors for gauge
coupling unification is now immaterial). The dashed lines
can be considered as the perturbative upper limit on
the gauge couplings and comparison with the solid lines
shows that our model is close to saturation and repre-
sents a concrete realization of the most extreme scenario
to maximize the mh bound. The emphasis here should
lie in this fact rather than in the plausibility or physics
motivation of the model per se.

The particular model we use serves the purpose of il-
lustrating the fact that the Higgs mass bound can be sat-
urated. The model includes exotic representations with
non-canonical charge assignment, which can nevertheless
appear in string models. (3, 1)0 and (3̄, 1)0’s can appear
in general embeddings [13] of the Standard Model group
other than the usual embeddings in grand unified groups
like SU(5) or E6. On the other hand, SU(2) triplets
are possible if the SU(2) Kač-Moody level is larger than
1 (as we have seen, the effect of this on the unifica-
tion condition is not important in the limiting case of
non-perturbative unification). While these triplets are
the key ingredient to go beyond the Higgs mass lim-
its of the MSSM, the additional representations included
to ensure unification are not uniquely determined. Dif-
ferent representations of exotic matter at intermediate
scales, as e.g color octets with canonical charge assign-
ment, could equally well give correct unification. In such
cases, the lightest Higgs can well be much heavier than in
the MSSM even if the general upper limit is not reached.

Having optimized in this way the most appropriate
running gauge couplings, we turn to the running of λ1

and χ1,2. The relevant RG equations can be found in
Refs. [8,9]. Inspection of this set of coupled equations
teaches that the low-energy values of each Yukawa are
maximized when other Yukawas (and self-interactions
among TY ’s and S) are shut off. So, we consider each
coupling in turn (setting the others to zero, which is a
RG-invariant condition) and compute its maximum value
at 1 TeV as a function of tanβ (which influences the
top and bottom Yukawa couplings entering the RGs)
for Mt = 175 GeV. This physical top-quark mass is
related to the Yukawa coupling ht by the MS relation
htv sinβ/

√
2 = Mt/[1+4αs(Mt)/3π]. Plugging the max-

imum values of λ1, χ1 or χ2 in the tree-level bound (4)
we obtain then three different upper limits on the tree-
level Higgs mass. To add the important radiative cor-
rections we follow the RG method, as explained e.g. in
Refs. [14–16], which includes two-loop RG improvement
and stop-mixing effects.

3. Before presenting our results, it is worth discussing
in more detail the bound presented in Eq. (4). If the ex-
tra fields responsible for the enhancement of mh sit at 1
TeV, should their effect not decouple from the low-energy

effective theory? Indeed, in a simple toy model with an
extra singlet S coupled to H1 ·H2 as in (3), when a large
supersymmetric mass is given to S, the F -term contri-
bution (∼ λ2

1) to the Higgs doublet self-interactions is
cancelled by a tree diagram that interchanges the heavy
singlet, thus realizing decoupling. If, on the other hand,
we lower the mass scale of the extra fields S and TY to
the electroweak scale to avoid decoupling, it is generi-
cally the case that more than one light Higgs appear in
the spectrum. A complicated mixed squared-mass ma-
trix results whose lightest eigenvalue does not saturate
the bound (4). Is then this mass limit simply a too con-
servative overestimate of the real upper limit? It is easy
to convince oneself that, in the presence of soft breaking
masses, the perfect decoupling cancellation obtained in
the large SUSY mass limit does not take place (we are
assuming here that SUSY masses, if present for the extra
matter, are not larger than 1 TeV) and the final lightest
Higgs mass depends in a complicated way on these soft
mass-parameters. The interesting outcome is that soft-
masses can be adjusted in order to saturate the bound
(4) and so, the numbers we will present can be reached
in particular models and no limits lower than these can
be given without additional assumptions (which we will
not make here, in the interest of generality).

FIG. 2. Radiatively corrected upper bounds on mh when dif-

ferent Yukawa couplings are present in the model and for different

assumptions on the running of gauge couplings. The short-dashed

line gives the upper bound in the MSSM.

The final bounds, with radiative corrections included,
are presented in Figure 2. Solid lines are the mass lim-
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Truely max value achived 
by adding additional matters to 

reduce the coupling  at GUT scale 
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SUSY searches 
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Signature of Supersymmety
• squark-gluino production is more than 40% of total production cross 

section  if the masses are about same 

• squark squark ->  2hard jets gluino gluino -> 4jets 

• Ino decay -> might be some leptons

• Two dark matter-> missing momentum

• Little Higgs model with T parity and UED also falls in this category 

gluino
squark 

LPS

leading  jet 

gluino
squark 

LPS

three body 
decay   

smaller BR(sq→χ)
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I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

Event selection 

4

Reduce 

QCD

m˜q

m˜g

4
 j
e
ts

3 
je
ts

2 jets
m˜g =m˜q

Trigger 

requirements

meff =
n∑

i=1

|!pjet i
T | + Emiss

T

Enhance signal

Channel definition

• Depending on the SUSY mass hierarchy, different production 

processes favoured (              )

• Signal regions optimised to maximise sensitivity to different 

production processes

g̃g̃, g̃q̃, q̃q̃

Saturday, July 23, 20112011年7月29日金曜日



I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

Results

• No discrepancy with respect to SM predictions.

• The result is interpreted as a 95% CL exclusion limit on effective cross sections 

using a  profile likelihood ratio approach following the CLs prescriptions.

• Analysis giving best expected limit used in each point.

12

excluded !x 

acc (fb)
24 30 477 32 17

Saturday, July 23, 2011

In my view, this is  THE BEST way to presenting data 
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I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

Result interpretation (2) 

• Results interpreted in 

mSUGRA/CMSSM (A0 = 

0, tan! = 10, ">0)

• Limit in large m0 region 

p r o fi t s f r o m t h e 

introduction of signal 

regions with large jet 

multiplicities. 

• Equa l squa rk -g lu i no 

masses excluded below 

980 GeV
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Saturday, July 23, 2011

You can interpret 
the data as you like. 
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Within the Constrained MSSM model we are crossing the border of 
excluding gluinos up to 1TeV and squarks up to 1.25TeV   

P r o g r e s s  o n  S U S Y  

Results of three SUSY 
analyses completed on 
2011 data (!T , Same 
Sign and Opposite Sign 
dileptons).  
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Dark Matter and 
Collider 
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DM density  constraint is important in  
“MSUGRA” a

Gaugino mass

S
ca

la
r m

as
s

hep-ph/0106204

Have we excluded “bulk regions?? 
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1)bulk region : LSP　Bino like.

→　Slepton exchange 

DM density  constraint is important in  
“MSUGRA” a

Gaugino mass

S
ca

la
r m

as
s

hep-ph/0106204

Ωh2
∝ m4

l̃
/m2

χ̃

too large mass density 

Have we excluded “bulk regions?? 
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1)bulk region : LSP　Bino like.

→　Slepton exchange 

DM density  constraint is important in  
“MSUGRA” a

Gaugino mass

S
ca

la
r m

as
s

hep-ph/0106204

Ωh2
∝ m4

l̃
/m2

χ̃

2)Higgs pole effect   mH=2mχ

3)coannihilation 

too large mass density 

Have we excluded “bulk regions?? 
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1)bulk region : LSP　Bino like.

→　Slepton exchange 

DM density  constraint is important in  
“MSUGRA” a

Gaugino mass

S
ca

la
r m

as
s

hep-ph/0106204

Ωh2
∝ m4

l̃
/m2

χ̃

2)Higgs pole effect   mH=2mχ

3)coannihilation 

4)focus point region:
     higgsino-gaugino mixing  

too large mass density 

Have we excluded “bulk regions?? 
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such thing  doesn’t exist
• LSP may be light even if light squark and gluino  are excluded 

(lifting  GUT relations) . 

• the LSP maybe higgsino even if scalar masses are small. (lifting 
GUT relation of higgs mass) 

• any particle can degenerate with LSP... 

• More direct and model independent information needed. 

• Direct bounds on chargino and neutralino/no tau excess/are 
we too much relying on GUT relation? 

• what is the general cuts you want to propose???
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expectation at 14TeV 
and sparticle 

measurements 
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 14TeV projection 
SUGRA!Parameter"#$%

S.Asai 2003!JPS meeting

• production at 14TeV would 
be 5pb or less. significantly 
limits statistics at 14TeV run 
already. 
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SUSY mass determination 
using 2 lepton channel  

• production cross section dominated by SUSY 

• Branching ration into second lightest neutralino 30% , lepton 
branch 6~20%→ 2~6%. 4 lepton channel certainly not feasible.  

• 10fb-1 x 3pb =30000~600 events are not enough to determine 
EW SUSY particles masses precisely but probably oder of mass 
scale can be determined. 

• Need full use of hadronic channel to determine SUSY scale if 
discovered.   

• e+e- Linear collider necessary to determine thermal relic density?   
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25  

Sparticle Detection & Reconstruction 

Mass precision for a favorable benchmark point at the LHC 
                           LCC1~ SPS1a~ point B’  

Lightest neutralino ! Dark Matter? 

Fit SUSY  model parameters to the 
measured SUSY particle masses to  

extract "#h2  $ O(10%) for LCC1 

hep-ph/0508198 

100 fb-1, 14 TeV 

GeV 

m0=100 GeV 

m1/2= 250 GeV 

A0=-100 
tan% = 10 

sign(µ)=+ 

D. Miller et al 

$Use shapes 

2 lepton edge 

This point and much more of 
the CMSSM space is ruled out 
What can LHC still say on DM?   
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hadronic channnel 
 we don’t know...  

2) ISR;which jet comes from ISR
Most events has hard ISR for gluino   

1) We only know 
sum of LSP momenta 

=ETmiss
A 

B

A1

A2

B1

B23) if jets are 
from A or B 4) what A,B,...are 
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mgl=558GeV mul=825 GeV

★★★★

with x10 statistics 7TeV  1fb-1

MT2

MT2min

MT2min

MT2 

using global shape probably more useful. 

the final state†. In this paper, we will concentrate on the case that each mother particle
decays into the same set of daughter particles, since such symmetric decay typically has
higher event rate while showing the non-trivial structure which will be discussed in the
following. Fig. 1 shows an example of such process in which mother superparticles were
pair-produced and each of them decays into one neutralino LSP (χ̃0

1) and some visible
particles. While the invisible part of each decay consists of only one particle (neutralino
LSP), the visible part might contain one or more visible particle(s) in general.

Figure 1: Kinematic situation for mT2 where pmiss
T denotes the total missing transverse

momentum.

With two invisible LSPs in the final state, each LSP momentum can not be determined
although the total missing transverse momentum pmiss

T can be measured experimentally.
Furthermore, the LSP mass might not be known in advance. In such situation, one can
introduce a trial LSP mass mχ, and define the mT2 variable as follows [10, 11]:

mT2(p
vis(1)
T , m(1)

vis, p
vis(2)
T , m(2)

vis, mχ) ≡ min
{pχ(1)

T +p
χ(2)
T =−p

vis(1)
T −p

vis(2)
T }

[

max{m(1)
T , m(2)

T }
]

, (5)

where the minimization is performed over trial LSP momenta p
χ(i)
T constrained as

p
χ(1)
T + p

χ(2)
T = pmiss

T ,

†In Ref.[11], mT2 has been further generalized to the case involving more missing particles than two.

3

Reconstruction of (squark /gluino mass -LSP mass) may be  possible 

MT2min=remove one jet from the system 
and evaluate kinematical quantity  

for mass reconstruction 
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The jet level distribution
for pp!URUR channel

No spin 
(Madgraph 2 by 2
 !pythia/bridge )

Madgraph 
2 by 4  

200GeV

100GeV

Nojiri, J. Shu to appear
 ETmiss =見えない横運動量の絶対値　Meff=ETmiss + " pT

2011年7月8日金曜日

Spin measurements in jet channel 

2011年7月29日金曜日



SUSY study in 2012 
1fb-1→ 5fb-1  this year, probably reaching up to 1.2TeV, and not 
much extension at 7TeV 

It will be High energy luminosity frontia→better understanding of  
W, top productions → increase of discovery potential 

good chance to study non-standard SUSY case

If SUSY particles are degenerate, search strategy changes 
completely. Current study relies on a few high pT leading jets 
arising from large mass splitting between colored SUSY particles 
and dark matter. 
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Mass spectrum and signal 
squark and gluino 

Detail of EW sector 
is not matter 
for discovery 
if there are enough 
mass splitting 

Degenerate case 

1) LSP is not too 
relativistic 

2) Cross section is 
small compared 
with visible energy
(more overlap with SM 

3) Difficult to 
identify the parents  
 

EW inos 
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Evading limits 

7

set A set B

R mũL
(mg̃)mχ̃0

1

2pCM mũL
(mg̃)mχ̃0

1

2pCM

0 995 (1055) 182 961 1041 (1061) 189 1007

10 986 (1053) 246 924 1043 (1061) 248 984

20 973 (1049) 326 793 1044 (1060) 330 940

30 951 (1045) 426 726 1045 (1060) 434 865

40 916 (1038) 507 635 1044 (1059) 569 733

50 854 (1027) 426 641 1038 (1057) 713 548

55 803 (1021) 335 663 1033 (1056) 721 529

60 no EWSB 1023 (1055) 700 543

TABLE III: The squark, gluino, and the lightest neutralino masses in model A and B. M3(GUT) = 450 GeV and tanβ = 10.

Meff ∝ 2pCM can be reduced by a factor of 2/3 to 1/2 for these models. In the following sections,
we find that discovery of SUSY particles will be non-trivial in this region. It is worth noting that
gaugino and higgsino are highly mixed when pCM is minimum. In this case, relatively large nucleon-
LSP scattering cross section and smaller dark matter density are expected, possibly consistent with
cosmological constraints.

Another phenomenologically important aspect in terms of collider physics is the branching ratios of
the gluino and squark into leptons. The leptons would be produced from the neutralino or chargino
decays arising from the squark decays. For the model A, the decay q̃ → χ̃i (∼ W̃ , B̃) channels
are open unless R > 50. The chargino and neutralino may decay into (s)leptons. Especially, if the
decay channel q̃ → χ̃0

i → l̃ (l = e, µ) → χ̃0
1 is open, the large branching ratio into the golden mode

q̃ → χ̃qll is expected. For example, Br(χ̃+ → τ̃ ν) ∼ 80% and Br(χ̃0
2 → µ+µ̃−) ∼14% for the model

A, M3(GUT) = 450 GeV, tanβ = 10, and R = 37. For the model A, M2 > ml̃ if R > 20, namely,
the decay channel is open especially in the degenerated region. For the model B, the squark and
slepton masses are so heavy that the decay into slepton is always closed.

III. MONTE CARLO SIMULATION AND RECONSTRUCTION

Here we describe our event simulation method used in the next section. As explained earlier,
SUSY mass spectrum is calculated by ISAJET [12] which is interfaced to the HERWIG [13] event
generator using ISAWIG [14]. HERWIG generates hard processes, takes care of initial and final state
radiations, and fragments partons into hadrons.

To estimate event distributions to be measured at LHC detectors, we smear particle energies,
identify isolated leptons, and reconstruct jets. We independently developed a fast detector simulation
program 3, which takes the following steps;

1. Finding isolated leptons: If a lepton (e or µ) with ET > 10 GeV and |η| < 2.5 is found in an

event record, we take a cone with a size ∆R =
√

(∆η)2 + (∆φ)2 = 0.2 around the lepton. If the
sum of ET of the particles in the cone (except the lepton at the center of the cone) is less than
10 GeV, we regard it as an isolated lepton candidate. After the jet reconstruction described
below, isolated lepton candidates with min(∆R(lj)) > 0.4 are accepted as isolated leptons.

3 Recently, a fine event simulator PGS (pretty good simulation) [15] is also available.

6

For the following discussion, we calculate the low energy mass spectrum using ISAJET [12] version
7.72 which solves the boundary condition given in section 2.1. The sparticle mass spectrum for the
model A is listed in Table II. As α increases, gaugino masses, and slepton and squark masses get
closer, and the model shows the mass pattern different from that of MSUGRA. The numerical values
roughly agree with those in [6] 2.

R M3 M1 M2 µ mQ̃ ml̃ mẽ m3/2/R α

0.1 1055 184 350 700 957 435 354 450 0.26 × 10−2

30 1045 436 536 607 913 531 476 631 0.92

40 1038 573 653 545 879 578 541 729 1.24

45 1034 657 717 499 852 604 576 790 1.41

55 1020 882 892 339 765 671 675 951 1.74

TABLE II: Example of ISAJET solution of the low energy mass spectrum for model A, for different value of R. Here we fix
the low energy gluino mass roughly constant by choosing M3(GUT)=450 GeV and tanβ = 10. All mass parameters are given
in GeV.

As can be seen in Table II, the higgsino mass parameter µ decreases as α increases. The µ is
determined by solving the minimization condition of one loop higgs effective potential. In minimal
supergravity model (R = 0 limit), the higgs soft mass square at weak scale is driven to large negative
value by stop/top loop, while the correction from gaugino loops is small because M1, M2 ! M3. The
µ parameter is chosen to compensate the negative value to get correct gauge symmetry breaking,
therefore µ can be as large as the stop mass in the minimal supergravity model. When α is large,
M1, M2 " M3 at the GUT scale. The higgs soft mass parameters get large positive contribution
from the gaugino masses. Top/stop loop effect is largely compensated by the gaugino corrections at
the weak scale. As a result, M1 ∼ µ for R ∼ 37, and µ ! M1, M2 for larger value of R. Although
M1 and M2 get closer to M3 for R " 37, the mass splitting among SUSY particles increases again.

We have seen in the model A that decrease of the µ parameter limits the mass degeneracy. In our
study, we are interested in the model point where the mass splitting among the SUSY particles are
the smallest. The µ parameter would be largest when the GUT scale value of the higgs soft SUSY
breaking mass is the smallest. On the other hand, sfermion masses at GUT scale must be large to
avoid the τ̃1 or t̃1 LSP. We therefore also consider the model B, where nHu = nHd

= 1 and nmatter = 0
as another example of the MMAM model.

The mass spectrums of the models A and B for M3(GUT) = 450 GeV and tanβ = 10 are compared
in Table III. The mass difference between squark (gluino) and LSP hits minimum when M1 ∼ µ
at R = Rc. Rc ∼ 40 for the model A and 55 for the model B, where mχ̃0

1
/mq̃ = 0.55 and 0.70,

respectively. As expected, the model set B has more degenerated mass spectrum at Rc, because the
µ parameter is larger for the same gaugino masses.

In the following sections, we discuss the discovery potential in the mass degenerated SUSY models.
Phenomenologically important parameter for the hadron collider is the typical mass scale of the event.
This can be expressed by the energy of the jet from q̃ → χ̃0

1q decay in the q̃ rest frame, which is
expressed as

2pCM = (m2
q̃ − m2

χ̃0
1
)/mq̃ (17)

Because sparticles are pair produced, 2pCM is the typical order of the effective transverse mass Meff

of the SUSY production process. We list the value of 2pCM for the model points in Table III.

2 Note that ISAJET runs two loop RGE for all soft parameters, while the boundary conditions are calculated by the formula using one
loop RGE.

SUSY model with degenerate mass spectrum  ex.Mixed Modulus 
Anomaly Mediation(two source of SUSY breaking)  

M. N. and Kawagoe Phys.Rev.D74:115011,2006.

4

T dependent function Zi and fi may be expressed as

Zi =
1

(T + T ∗)ni
, fa = T la , (6)

where ni is the modular weights and ni = 0(1) for matter fields located on D7 (D3) branes, and
n = 1/2 for matter living at brane intersections [6].

In KKLT model, W0 = w0 − A exp−aT , where the last term of W0 expresses the non-perturbative
effect such as the gaugino condensation in D7 brane, which fix the volume modulus, w0 is the
contribution of the flux. In addition to the N = 1 supersymmetric action, there are contributions
from anti-D3 branes which break supersymmetry and uplift the potential from AdS vacuum to
(nearly Minkowski) de Sitter vacuum. The term is expressed by a spurion operator depending on T
and C, and minimum of the potential will be obtained by solving the effective N = 1 action and the
lifting potential.

The resulting theory is parametrized by FC/C0 ∼ m3/2 and FT /(T + T ∗) . The SUSY breaking
terms are obtained by expanding the action by FT and FC . Here we define the soft terms as

Lsoft = −
1

2
Maλ

aλa − m2
i |Q̃i|2 − AijkyijkQ̃iQ̃jQ̃k + hc (7)

where yijk is a canonically normalized Yukawa coupling

Lsoft =
λijk√

e−K0ZiZjZk

. (8)

They are explicitly written as functions of m3/2 and R ≡ m3/2(T + T ∗)/FT as follows;

Ma =

(
la
R

+
bag2

GUT

16π2

)

m3/2

m2
i =

(
mi

R2
+

1

R

∂γi

∂ ln T
−

1

4

∂γi

∂ ln µ

)

m2
3/2

Aijk =
(

1

R
(mi + mj + mk) −

1

2
(γi + γj + γk)

)
m3/2 (9)

where mi = 1 − ni
1 and

γr = µ
d lnZr

dµ
=

1

8π2

(

2
∑

a

Ca
r g2

a − dry
2

)

(10)

with Cr =
∑

a T 2
a (r), namely for matter in the fundamental representation C3

F = 4/3, C2
F = 3/4,

C ′ = Y 2. We only include the effect of the top Yukawa coupling y, therefore dQ3
= 1, dT = 2,

dH2 = 3 and di = 0 otherwise.
The scale dependence of γi is expressed as

dγi

dµ
=

baCa
i

32π4
g4

a − di
y2

32π4

(
D

2
y2 −

∑

a

Cag2
a

)

(11)

where

µ
dy2

dµ
=

(
Dy2

2
−

∑

a

Cag2
a

)
y2

4π2
, (12)

1 Sign convention for the A parameter is such that the off-diagonal element of τ̃ mass matrix is −mτ (Aτ + µ tan β).

Figure 2: Sparticle mass spectrum at MSUSY = 1 TeV for 0 ≤ α ≤ 3. The shaded regions
correspond to the moduli Kähler and superpotential (2.3) and the uplifting potential (2.13) with
nP = −1, 0, 1 (α = 2/3, 1, 2), taking into account 10% uncertainty. Again the short-dashed curves
denote the 3rd generation sfermions.

of Bino and gluino masses against the Wino mass can be (+,+) or (−,+) since the (+,−)

case is excluded due to a tachyonic slepton/squark.

Fig. 2 shows the low energy sparticle masses for 0 ≤ α ≤ 3. This range of α contains

α = 1 predicted by the minimal KKLT set-up and also α = 2 which has a mirage messenger

scale close to TeV. As for the squark/slepton spectrums, we considered three different cases

distinguished by the universal values of ni: 0, 1/2 or 1. For α = 1 which is predicted by

the minimal KKLT set up, we summarized the resulting sparticle spectrums at MSUSY in

– 13 –
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FIG. 2: Left) The pT distributions of the highest pT jet for model B, M3(GUT) = 450 GeV and tanβ = 10. 50000 events
are generated for each points(R = 0, 20, 30, 40, 45, 50, 55 from right to the left). Right) Meff distributions for 10fb−1 for model
B with M3(GUT) = 450 GeV R = 0, 30, 55 (solid histograms from right to left) and M3(GUT) = 650 GeV R = 0, 50(dashed
histograms from right to left) respectively.

Here we compare the distributions with R = 0.1 (MSUGRA like) and R = 30 to 55 (degenerated).
It should be noted that, while the mass spectrums are considerably different, the power low of the
distributions beyond their peaks are roughly the same. These high pT events are originated from
the collisions with its center of mass energy

√
s much higher than the squark and gluino masses.

Therefore the power low of the distributions only depends on the dominant luminosity function.
The peak position of the Meff distribution has a direct correlation with the produced sparticle

mass. In [18] it is found that the correlation between the SUSY mass scale defined as

M eff
SUSY =

(

MSUSY −
M2

χ

MSUSY

)

(19)

where Mχ is the LSP mass and MSUSY = (
∑

σimi)/(
∑

σi). The peak position of Meff is linear for
MSUGRA and Gauge mediation model. We also find that the linear relation holds for the signal
distribution. We do not provide the fit results here, because the existence of the standard model
background is very important for this model, as will be discussed in the following subsections 4.

We now turn into the relation between #ET and Meff for degenerated points. In Figure 3 we show the
distribution for the model B with M3(GUT) = 650 GeV, tanβ = 10 and R = 0.1, 40, 50, respectively.
The x- and y- axes are Meff and #ET, respectively, in Figure 3. We see that the #ET takes a significant
part of Meff for degenerated points R = 40, and 50 if Meff is higher, while, for R = 0.1 the #ET for a
fixed Meff is broader in the plot.

This distribution can be understood as follows. Suppose we have events with two uncorrelated jets
with energy Ejet = pCM. The dominant part of the cross section is squark/gluino pair production
near the threshold for our case, so if they decay directly into two jets and two LSPs, the event
kinematics are indeed of this type up to the boost to the beam direction. We now calculate missing
energy Emiss and effective energy M(eff) of the events. The momentum of the two jets and the

4 The paper [18] also found the linear relation does not hold in general SUSY model. These are corresponding to the points where
the dominant contribution to the total SUSY production cross section comes from lighter sparticles such as chargino, neutralino, and
sleptons, which do not contribute to the 4 jet + missing ET signals.
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FIG. 3: Meff vs !ET distribution for the model B, with M3(GUT) = 650 GeV, tanβ = 10 and R = 0.1 (top left), R = 40 (top
right) and R = 50 (bottom) respectively.

missing momentum can be expressed as follows,

p1 = (pCM, 0, 0, pCM)
p2 = (pCM, pCM sin θ, 0, pCM cos θ)

pmiss = (Emiss,−pCM sin θ, 0,−pCM(1 + cos θ)) (20)

where we take the direction of the p1 momentum as z-axis and events are in x-z plane. Then the
missing energy Emiss and effective mass M(eff) are defined as

Emiss = pCM

√
2 + 2 cos θ,

M(eff) = 2pCM + Emiss, (21)

where M(eff) ranges from 2pCM to 4pCM.
The relation between #ET and Meff is somewhat similar to that of Emiss and M(eff) as can be seen

in Figure 3. For each plot #ET tends to be small when Meff ∼ 2pCM, where 2pCM = 1.36, 0.95, 0.7 TeV
for R = 0.1, 40, 50, respectively. It increases linearly as a function of Meff up to Meff ∼ 3pCM, and
the number of events reduces quickly beyond Meff > 4pCM . The relation indeed should be true
when two particle are pair produced and each of them decays into a visible particle and an invisible
particle at hadron collider.

11

t

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450
"gnudata" u 1:3:5

 400  600  800  1000  1200  1400  1600  1800

Meff[GeV]

 0

 200

 400

 600

 800

 1000

E
T

m
is

s
[G

e
V

]

 0

 100

 200

 300

 400

 500

 600

 700

 800

 900
’gnudata’ u 1:3:5

 400  600  800  1000  1200  1400  1600  1800

Meff[GeV]

 0

 200

 400

 600

 800

 1000

E
T

m
is

s
[G

e
V

]

 0

 200

 400

 600

 800

 1000

 1200

 1400
’gnudata’ using 1:3:5

 400  600  800  1000  1200  1400  1600  1800

Meff[GeV]

 0

 200

 400

 600

 800

 1000

E
T

m
is

s
[G

e
V

]

FIG. 3: Meff vs !ET distribution for the model B, with M3(GUT) = 650 GeV, tanβ = 10 and R = 0.1 (top left), R = 40 (top
right) and R = 50 (bottom) respectively.

missing momentum can be expressed as follows,

p1 = (pCM, 0, 0, pCM)
p2 = (pCM, pCM sin θ, 0, pCM cos θ)
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where we take the direction of the p1 momentum as z-axis and events are in x-z plane. Then the
missing energy Emiss and effective mass M(eff) are defined as

Emiss = pCM

√
2 + 2 cos θ,

M(eff) = 2pCM + Emiss, (21)

where M(eff) ranges from 2pCM to 4pCM.
The relation between #ET and Meff is somewhat similar to that of Emiss and M(eff) as can be seen

in Figure 3. For each plot #ET tends to be small when Meff ∼ 2pCM, where 2pCM = 1.36, 0.95, 0.7 TeV
for R = 0.1, 40, 50, respectively. It increases linearly as a function of Meff up to Meff ∼ 3pCM, and
the number of events reduces quickly beyond Meff > 4pCM . The relation indeed should be true
when two particle are pair produced and each of them decays into a visible particle and an invisible
particle at hadron collider.

R=0.1
R=50

signal distribution of degenerate case.  No way if  
mLSP> 0.7 m(squark)  ??
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MUED and LHC
• all SM particle lives in 5th dimention, Z2 

compactification for KK parity 

• small mass splitting as in KKLT model. particles in 
same KK levels are degenerate.

• gauge boson KK modes are in current eigenstate 

• Dark matter  is lightest KK odd particle~ U(1) gauge 
boson KK mode  

• Co-annihilation and resonances reduce DM density 

the LKP is γ(1) with the mass mγ(1)
∼= 1/R. If the Higgs boson of the SM is as heavy as

mh ! 240 GeV, the first KK charged Higgs h±(1) can be LKP due to the negative mass

correction of the Higgs four point coupling. But, of course, this cannot be the Dark Matter.

In this paper, we fix the Higgs mass at mh = 120 GeV, and we keep γ(1) as LKP so that it

is the Dark Matter candidate.

The corrections are basically proportional to lnΛR, so the degeneracy is crucial for the

smaller ΛR. The cutoff scale of the UED was discussed in [23], and the appropriate cutoff

scale should be several dozen 1/R for a given R. As the energy scale grows, more KK particles

appear, and the logarithmic running of the gauge coupling changes into power law running

above the MUED scale 1/R. The U(1)Y gauge coupling blows up (Landau pole) at the energy

scale ∼ 40/R, so we should set the cutoff scale below the Landau pole. The very small ΛR is

also not appropriate because we should consider the higher dimensional operators, and the

MUED framework is not a good effective theory any more. In our analysis, we considered

10 ≤ ΛR ≤ 40. A benchmark point of MUED is chosen as 1/R = 800 GeV, ΛR = 20, and

table 1 shows its mass spectrum.

mγ(1) mW (1) mZ(1) me(1) mL(1) md(1) mu(1) mQ(1) mg(1)

800.1 847.3 847.4 808.2 822.3 909.8 912.5 929.3 986.4 GeV

Table 1: Mass spectrum of first KK level for a benchmark point (1/R,ΛR) = (800, 20)

2.3 Production and decay at the LHC

At the LHC, the first KK particles of the odd KK parity are pair-produced, and they even-

tually decay into the LKP. The dominant production processes are KK gluon+KK quark

(g(1) +Q(1)/q(1)) and KK quark+KK quark (Q(1)/q(1) +Q(1)/q(1)). The cross sections of the

colored particles are shown in [14]. For our benchmark point, σ(g(1)+Q(1)/q(1)) = 12.2 pb and

σ(Q(1)/q(1) +Q(1)/q(1)) = 7.4 pb at
√
s = 14 TeV. The g(1) decays into Q(1)Q and q(1)q with

branching ratios, BR(g → Q(1)Q) ∼ 40% and BR(g → q(1)q) ∼ 60%, respectively. The ratio

of inclusive KK quark productions is roughly Q(1)Q(1) : q(1)q(1) : Q(1)q(1) = 1 : 1 : 2. Because

q(1) only has the U(1)Y gauge interaction, it directly decays into γ(1)q. The hard jets mainly

come from this decay. The branching ratios ofQ(1) are typically BR(Q(1) → QW±(1)) ∼ 65%,

BR(Q(1) → QZ(1)) ∼ 32%, and BR(Q(1) → Qγ(1)) ∼ 3%. Once W (1) and Z(1) appear from

Q(1), they cannot decay hadronically for kinematical reasons. They democratically decay

into all lepton flavors: W±(1) → γ(1)lν and Z(1) → γ(1)νν̄ or γ(1)l+l− through l(1) or ν(1).

This collider signature has been studied in clean channels of multilepton such as 4l +

Emiss
T [13, 15, 16], dilepton, and trilepton [16, 17]. The missing transverse energy Emiss

T is

6

where

Φ(x, y) =
1√
2πR

∞
∑

n=−∞

φ(n)(x)ei
n

R
y (4)

and m2
n = m2

SM + (n/R)2. R denotes the radius of the extra dimension, and mSM denotes a

SM particle mass. The fifth dimensional momentum is the mass in the 4D effective theory,

and this is much greater thanmSM , because 1/R ∼ O(TeV). Therefore, we can neglectmSM :

mn # n/R, which means the mass spectrum of each KK level is highly degenerate.

Since the simple compactified extra dimension S1 gives vector-like fermions, an orbifold

compactified extra dimension S1/Z2 with an identification of y ↔ −y is considered in order

to obtain chiral fermions in the zero mode. The orbifold compactification results in another

significant characteristic, the KK parity. KK number is conserved by virtue of the fifth

dimensional momentum conservation on S1 compactification, but this is broken down to the

KK parity by the orbifold compactification. The KK parity reflects “evenness” and “oddness”

of the KK number. All the SM particles have the even KK parity. The lightest particle with

the odd KK parity, called the lightest Kaluza-Klein particle (LKP), is stable since it cannot

decay into lighter SM particles due to its oddness. The stable LKP, typically the first KK

photon γ(1), can be a weakly interacting massive particle (WIMP) and therefore a good Dark

Matter candidate.

To discuss collider phenomenology, we have to determine the mass spectrum. In this

paper, we discuss the Minimal Universal Extra Dimenison model (MUED). The MUED is a

minimal extension of the 4D SM Lagrangian to the 5D UED. At the cutoff scale Λ it contains

only SM fields and no other terms, especially no localized terms at two fixed points y = 0, πR

led by orbifold compactification. The model parameters of MUED are only three: 5D radius

R, cutoff scale of MUED Λ, and the SM Higgs mass mh.

2.2 Mass spectrum

Radiative corrections to masses of the KK modes at the one-loop level were studied in Refs. [6,

7]. This correction enlarges mass splitting for each KK level away from the highly degenerate

mass spectrum. The corrected masses are:

m2
X(n) =

n2

R2
+m2

X(0) + δm2
X(n) (Boson),

mX(n) =
n

R
+mX(0) + δmX(n) (Fermion), (5)

where m
X(0) is a SM particle (zero mode) mass. Since 1/R is taken to be larger than 500 GeV

as mentioned in Sec. 2.4, m
X(0) is much smaller than 1/R. The neutral gauge bosons of U(1)Y

4
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background reduction 

• If  there are some quantity sensitive to the mass of pair produced 
particles, it can be used to reduce background. 

• MT2 reconstruct the parent mass when there are two missing 
particle from both side of  decay chain.  (all SM production 
M_T<mt

• MT2 End point is boost independent when input mass is correct 

generated by Pythia[28] 1, and we found that 1/R ≤ 500 GeV with 10 ≤ Λ ≤ 40 is excluded

at the 95% C.L.

Then, we focus on 500 GeV ≤ 1/R ≤ 1600 GeV due to the LKP abundance, the branching

ratio of Bd → Xsγ, the elctroweak precision test, and the LHC constraint.

3 Method for Searching for the MUED

3.1 MT 2

Our idea is to apply MT2 to the event selection when searching for the MUED. The effec-

tiveness of MT2 to search for SUSY were discussed in [20, 21], and MT2 was already applied

in the search for SUSY in multijet + Emiss
T by the ATLAS collaboration [22].

We briefly review the definition of MT2. MT2, an extension of transverse mass MT ,

was originally proposed as a mass measurement variable in the situation with two invisible

particles [18, 19]. In each event, we only know the total missing transverse momentum, pmiss
T ,

but each transverse momentum of the invisible particle cannot be measured. The definition

of MT2 is :

MT2 ≡ min
p
inv(1)
T

+p
inv(2)
T

=pmiss
T

[

max
{

M (1)
T , M (2)

T

}]

(9)

where MT is defined by

M (i)
T = MT (mvis(i), minv(i),p

vis(1)
T ,pinv(1)

T )

(10)

≡
√

m2
vis(i) +m2

inv(i) + 2
(

Evis(i)
T Einv(i)

T − p
vis(i)
T · pinv(i)

T

)

,

The transverse energy ET is given by

ET ≡
√

m2 + |pT |2. (11)

In calculating MT2, we first construct transverse mass M (i=1,2)
T and take the maximum of

them for one partition of pinv(1)
T and p

inv(2)
T satisfying p

inv(1)
T + p

inv(2)
T = pmiss

T . Then, all the

possible partitions are considered, and the minimum value among them is taken.

1The event generation of MUED that was used for this bound is described in Sec. 4.1.
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MUED case 
• calculate MT2 for leading two jet. 

• ttbar distribution leading jets tend to be b jets, and input test mass 
is correct. therefore they do not extend too much beyond mt.   

• signal distribution. Not much jets from MUED particle decay. The 
leading jet is initial state radiation. 

on USR. Note that the background events do not have MT2 dependence on USR because the

test mass is correct, so most events are kept lower than mtop.

When analyzing events, we cannot tell the origins of visible particles: whether the particles

come from decays of heavier particles or are QCD radiations. Practically, leading two jets

in pT are used as visible particles to construct MT2. If they correspond to two “correct”

particles, namely if each particle is a decay product of each pair-produced particle, MT2

behaves as discussed above. However, the leading particles can be decay products of one

parent particle, and also hard ISR can be one or both of the leading particles. These cases

are called “combinatorics”.

In many events, MT2 of the leading particles corresponds to MT2 of the correct particles.

For instance, the rate of correspondence is about half for q(1)q(1) or tt̄ as shown later. Com-

binatorics smears the MT2 distribution. The smearing effect is significant for high MT2, and

it is different in each process.
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Figure 2: Distributions of MT2 for q(1)q(1) → qqγ(1)γ(1) in the left and tt̄ → bb̄W+W−

in the right generated by MadGraph/MadEvent 4.4 [31] where mq(1) = 912.5 GeV,
mγ(1) = 800.1GeV, and µ0 = 211.0GeV. MT2 is constructed with the correct two partons
(green shaded area), the leading two partons (blue solid line), and leading two jets (dotted
line). Also, events were generated without additional jets, that is, without USR in the
parton level, and MT2 was calculated with the correct two partons (red shaded area). The
distributions are normalized to 1.

In order to see the effects of USR and combinatorics, we generated the q(1)q(1) production

of the MUED benchmark point and the tt̄ production adding up to one jet in the parton level
2, and constructed MT2 with the correct partons and with the leading partons/jets. These

2The events were generated by MadGraph/MadEvent 4.4 at
√
s = 14 TeV. The fragmentation and
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Initial state radiation 
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Discovery in jets + lepton 
mode(theorist  calculation)  

sign same flavor leptons and remove events if |Mll − mZ | < 10 GeV to reduce background

from the Z boson. The estimated background from our MC samples is 10 events/100 fb−1.

The fake leptons should be considered to evaluate the background level of 4l + Emiss
T more

appropriately, but the fake leptons are not considered since they are not important for our

analysis based on jets.
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Figure 4: Discovery potential of the MUED with 1 fb−1 and 10 fb−1 at
√
s = 14 TeV in the

4l + Emiss
T analysis and the MT2 analysis and discovery potential of 2 fb−1 at

√
s = 7 TeV

only in the MT2 analysis. For a given luminosity, the parameter region below the line will be
discovered.

The spectrum is more degenerate for smaller ΛR, which is more difficult for discovery

in general. Note that for fixed 1/R, the MUED with smaller ΛR has a larger cross section

simply because the KK gluon and the KK quark become lighter as in Eqs. (7) and (8). Fig. 4

shows that the discovery potential does not vary with changing ΛR in the MT2 analysis. The

first run of LHC at
√
s = 7 TeV will have an integrated luminosity of 2 fb−1 and so it can

discover up to 1/R ∼ 500 GeV. However this parameter region was already excluded by the

ATLAS multijet+Emiss
T analysis with 35 pb−1, as mentioned in Sec. 2.4. The second run at

14 TeV will discover up to 1/R ∼ 1 TeV with 1 fb−1 and 1/R ∼ 1.2 TeV with 10 fb−1.

In the 4l + Emiss
T analysis, the discovery reach at 14 TeV is 1/R ∼ 700 GeV with 1 fb−1

and 1/R ∼ 1.2 TeV with 10 fb−1 for 20 ≤ ΛR ≤ 40, but the sensitivity is very low for

ΛR = 10 : the discovery reach is only 1/R = 400 GeV with 1 fb−1 and 1/R = 800 GeV with

10 fb−1 .

The result shows that our MT2 analysis improves the discovery potential. In particular,

18

•  up to 1.2TeV for 10fb-1 
and 14TeV

• Theorist calculation but 
no b veto assumed. 
matrix element correction 
is in for SM background, 
and not for MUED signal 
(conservative) 

• Decent dark matter candidate in MUED at 1/R~1.5 TeV. 
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Question? 
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