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On the theories in the market 
and how LHC tackle them 



• Expand experimental reach significantly 

• Cutting into TeV scale first time.  Last chance to 
solve naturalness problem.  

• We have solid observational evidence of DM in 
our Universe. A new particle! 

• future experimental  projects are now tied up 
with    “LHC discovery”,  ILC, Super B factory, 
DM searches....Huge responsibility to provide 
correct  scientific results quickly. 

 LHC is far more important than 
any experiment in the past



New Physics, Clue 
!W,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.
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2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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Fine tuning in the Higgs sector 

Why Higgs vev is O(200) GeV??

mf  log Λ fermion mass 

Πµν = (gµνp
2
− pµpν)Π

gauge two point 
function

Others are reasonable 



New Symmetry →New Particle 

• Need control on  the radiative correction to the 
Higgs sector 

• ideas 

• chiral symmetry (extended to boson sector) 

• global symmetry(little Higgs model) 

• gauge symmetry (gauge higgs unification) 

•  Or planck scale  is low ( Extra dimension model) 

• On the other hand< we see no effect of BSM in 
radiative correction 

φ

mf  log Λ

δL =
(h†Dµh)2

Λ2
Λ > 5TeV



Classic Solution:Supersymmetry 

• exchange  boson and fermion. 

• sfermions(0), gaugino(1/2), higgsinos(1/2)

• SUSY  change “dimension” (1 for boson 3/2 for 
fermion),  relate mass and couplings 

• chiral symmetry is extended to boson sector. 
No quadratic divergence 

• R parity conservation. New stable particle→ 
DM candidate. 

ΦWW =
1

g2
FµνFµν + Mg̃g̃Φ =

1

g2
+ Mθ2

λψLψRH → λφLψRH̃ + λψLφRH̃

φ ↔ ψ



SUSY breaking scenarios and          
mass spectrum 

• Low energy phenomenology  is not the end of 
the story .

• Hidden sector break supersymmety.  “flavor 
and CP” problem 

• gravity mediation, gauge mediation, anomaly 
mediation(string inspired mixed cases) , “geometric 
separation”

• Problems ( why alternatives are searched for) 

• Light higgs boson  (hope and/or worry) little 
hierarchy 

• DM constraints 

• gravitino, string moduli.....

Rich Field! 



Alternative: Extra-dimension 
•  matter on brane, gravity in the bulk  (Arkani-Hamed at al 1998) 

• fundamental gravity scale may  be small. gravity effects at colliders 

• extra space may not be flat (Randall and Sundrum, 99)

• Universal Extra  dimension (Appelquist et al 2000)

• particles also in the bulk,  Translation is violated only at the 

boundary. KK level works as parity. LKK particles is stable   

• Black Hole at collider. 

• difficulty: divergence ( higher dimension), cosmology  

Λ = MPle
−krcπ mn = kxne

−krcπ

ds2
= e−2krcφηµνdxµdxν

+ r2

cdφ2

O(10)



Discovery potential

mn = kxne
−krcπ

c
=

k
/M

P
l

c<0.1(curvature bound) , Λ<10TeV(hierarchy) 

Litvin  talk in Moriondsee also EPJ C40  Collard et al 



Dynamical symmetry breaking ?

• Technicolor→ Little Higgs model 

• Higgs boson is goldstone boson of a large  
symmetry. SU(5)→SO(5)   

• Gauge symmetry: SU(2)1xSU(2)2xU(1)1xU(1)2  

• quadratic correction to  Higgs sector starts from 
2 loop 

• top sector must be extended (extra top quark). 
afterall  top-higgs coupling is the source of fine 
tuning.  

• However  it is rather  difficult to make simple Little 
Higgs model  and LEP data consistent .

f2

8
TrDµΣ(DµΣ)†Σ(x) = e

iΠ(x)/fΣ0e
iΠT (x)/f

(g1, g2, g
′

1, g
′

2)

1

2
λ1fεijkεxyχiΣjxΣkyu

′c
3 + λ2f t̃t̃c + hc

t̃, t̃′

χ = (b3, t3, t̃)



LEP Anchor 

• Various v2/f2 corrections. proportional 
to the coupling difference, Δg=g1-g2

• M2(WH)=(g12+g22) f2/4~(gf/2)2>2.7TeV 

• f>4TeV m(t’)>7TeV, (Hewett et al 
JHEP, 2003) Fine turning is 
reintroduced

difficulty comes from tree level  Heavy-Light mixing 
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Figure 1: The region of parameters excluded to 68%, 95%, and 99% C.L. is shown as a
function of c′. The parameter c was allowed to vary between 0.1 < c < 0.995 for each c′ to
give the least restrictive bound on f . (See also Fig. 2.)

triplet VEV to zero. This not only makes the analysis and interpretation simpler it also
contains the essential physics that constrains generic little Higgs models. We performed a
three parameter global fit (as described in [25]) to the 21 precision electroweak observables
given in Table 1. The best fit was found to be for c ! 1, c′ ! 0.32, and f ≈ 8.9 TeV, with
a χ2 per degree of freedom (21 − 3 = 18):

χ2
best

(d. of f.)
! 1.54 (5.1)

that is slightly worse than the fit to the SM,

χ2
SM

(d. of f.)
! 1.38 . (5.2)

First consider the region of parameters relevant to the model. To ensure the high energy
gauge couplings g1,2, g′

1,2 are not strongly coupled, the angles c = g/g2, s = g/g1 c′ = g′/g′
2,

s′ = g′/g′
1 cannot be too small. We conservatively allow for c, s, c′, s′ > 0.1, or equivalently

0.1 < c, c′ < 0.995. We allow f to take on any value (although for small enough f there
will be constraints from direct production of BH). The general procedure we used is to
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Csaki et al hep-ph/0211124 



Little Higgs with T-parity

• gauge groups and matter contents respect T 
parity.  SU(2)1⇄SU(2)2 U(1)1⇄U(1)2

•  T-odd matters are introduced. Looks like 
SUSY without gluino 

• LEP constraint is weaker.

• Heavy gauge bosons and triplet higgs 
boson live in T-odd sector. No tree 
level mixing  

• Need more attempts to construct a model including 
symmetry breaking sector.  ( cf. the study of SUSY 
breaking sector. ) 

•  UED has similar nature. 
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Figure 9: Exclusion contours in terms of the parameter R = λ1/λ2 and the symmetry
breaking scale f . The contribution of the T-odd fermions to the T parameter is included
assuming that it has the maximal size consistent with the constraint from four-fermi inter-
actions, Eq. (3.41). From lightest to darkest, the contours correspond to the 95, 99, and
99.9 confidence level exclusion.

5 Conclusions

In this paper we have calculated the dominant corrections to the precision electroweak
observables at the one-loop level in the Littlest Higgs model with T parity [11]. We per-
formed a global fit to the precision electroweak observables and found that a large part
of the model parameter space is consistent with data. In particular, a consistent fit can
be obtained for values of the nlσm symmetry breaking scale f as low as 500 GeV. Fur-
thermore, we found that the LH model can fit the data for values of the Higgs mass far
in excess of the SM upper bound, due to the possibility of a partial cancellation between
the contributions to the T parameter from Higgs loops and new physics. Combining our
results with those of Ref. [13], we found that there are regions of parameter space allowed
by precision electroweak constraints where the lightest T-odd particle can account for all
of the observed dark matter.

We have argued that the corrections to low energy observables in the LH model are
dominated by the top sector, and our analysis was primarily focused on those contribu-
tions. It would be interesting to perform a more detailed analysis of the effects from the
gauge and scalar sectors; however, we do not expect these effects to substantially modify
our conclusions. The analysis of the T-odd fermion sector in this paper relied on rather
restrictive simplifying assumptions: in particular, the Yukawa couplings in the T-odd sector
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The Lesson is ......

• LEP constraint (small radiative correction) 

• New Physics scale Λ is high, suggesting fine tuning. 

• Need symmetry to cancel divergence  

• top partner → top must be involved in the symmetry. 

•  “DM” and “radiative correction”→parity structure

LHC signature:strongly interacting particle decay into  DM
(and flavor sector involving b quark.....) 



Basic objects at LHC  

• jet and lepton momenta

• Jet and lepton transverse 
momenta (to the beam) 

• ETmiss: Sum of the transverse 
momenta of all particles.

• Meff Sum of the transverse 
energies of first 4 jets + ETmiss  

DM

DM

New particle

New particle 

Missing PT 

2

The gluino and squark decays are associated with jets with high transverse momentum (pT ). The
transverse momentum is the order of the gluino and squark masses. Moreover, because the LSP is
significantly lighter than the gluino, the LSP from the gluino decay also has high pT . They would
give a large missing transverse momentum to the SUSY events. In addition, decays of the EWI
sparticles may produce high PT leptons. Events from the standard model (SM) processes do not
have such high pT particles.

Motivated by these observations, following cuts are often applied to reduce the SM background
events to the SUSY signal events[2];

• An event is required to have at least one jet with PT > 100 GeV and three jets with PT > 50 GeV
within |η| < 3,

• The effective mass of the event must satisfy Meff > 400 GeV, where the effective mass is defined
using the transverse missing energy and the transverse momentum of four leading jets as:

Meff ≡
∑

i=1,...4

pTi + ETmiss. (2)

If the event has hard isolated leptons, the effective mass may be defined as follows:

Meff ≡
∑

i=1,...4

pTi +
∑

leptons

pT l + ETmiss. (3)

Here sum of the lepton pT can be taken over the leptons with pT > 20 GeV and |η| < 2.5 GeV.

• The missing transverse energy must satisfy the relation:

ETmiss > max(0.2Meff , 100GeV). (4)

• The transverse sphericity ST must be greater than 0.2, where ST is defined as 2λ2/(λ1 + λ2),
with λ1 and λ2 being the eigenvalues of the 2 × 2 sphericity tensor Sij = pkipkj formed by
summing over the tranverse momentum of all calorimeter cells.

To reduce the background further, hard, isolated lepton(s) may be required. These cuts are enough
to reduce the SM backgrounds from tt̄+njets and W (Z) +njets productions down to a manageable
level, although the production cross section of the SM processes may be O(104) higher than signal
cross sections. While the SUSY production section reduces very quickly as sparticle masses increase
beyond 1 TeV, the signature becomes more and more prominent over the background. Previous
studies show that the squark and gluino with mass around 2.5 TeV can be found at the LHC in the
minimal super gravity model (MSUGRA).

In MSUGRA, the SM background after the cuts can be neglected safely. Then, the distribution of
accepted events are also useful to determine the mass scale of SUSY particles. For example, the peak
of Meff distribution is sensitive to the squark and gluino masses. For the events with same flavor
opposite sign dileptons, the invarian mass distributions, mll, mjl, and mjll, are useful to reconstruct
the SUSY particle masses mχ̃0

1
, mχ̃0

2
, mq̃0

1
and ml̃01

.

Recently it is pointed out that a string inspired model based on the flux compactification (KKLT
models) [5] predicts the mass relation different to the MSUGRA [6–8]. The model is called mixed
modulus anomaly mediation (MMAM) model. It has a volume modulas T and a compensator field
of minimum supergravity model C as messanger of SUSY breaking. The SUSY mass spectrum
depends on the ratio of the two SUSY breaking parameters FT and FC . The unification scale of
sparticle masses depends on the ratio. It is interesting that the unification scale of the soft SUSY

pT1, pT2, pT3.....

pj1, pj2,.... pl1, pl2....



DM and collider signature

• “SUSY signature”                          
“Models with new colored particles 
decaying into a stable neutral particle--
LSP”

• “New physics” are migrated into SUSY 
category. 

• Universal extra dimension  lightest of first level 
KK is stable. .

• Little Higgs model with T parity. T parity in the 
model, T odd sector has stable particle (BH) 

• Signal:                                                           

High PT jets (pT1>100GeV, pT2,3,4>50GeV)               

pTl>20GeV,  ST>0.2                                       

ETmiss> max(100GeV, 0.2Meff )

t̃, b̃

Lepton partners 

Dark matter 
LSP, LKK, LOT

colored partner 
squark, gluino, 

g1, q1, extra quarks

gauge partners 

assume mass difference is large



Background and discovery

•  The typical number of SUSY 
events are 105 for 10 fb-1, while 
BG rate is 109-8 for W, Z and ttbar 
productions.  10-4 rejection of SM 
process is required.  

• Understanding  of the distribution 
is the key issue 

• PT distribution of the jets, Meff 
distribution. (theoretical 
complexities) 

• Etmiss distributions
(Experimental complexities) 
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• Bg process  pp→W(Z)+X, ttbar ....

• Lowest order process (ex gq→W q) 
+“multiple parton final states”  (ex.  
gq→ W+  n jet not in soft and 
collinear region (ME collections, CKKW, 
Mangano) 

• Some generators(ALPGEN, MADevent..) 
allow to simulate  multi-parton final 
state. Matching between PS and ME is an 
issue.  (Lessons from Tevatron) 

•  up to ttbar + 3 jet, W(Z) +6 jet (!) have 
been included in BG estimation.   Results 
with full detector simulations are getting 
ready. 

 Discovery and Recent BG issues 

Asai  TEV4LHC

PS(soft and collinear)

ME correction



Simulation study of ME corrections
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Kanaya  for ATLAS SUSY06

zero lepton channel
• High PT jets increase drastically when 

taking into ME.   

• K factor is  2~4 for large  Meff . 

• scale uncertainty  still remains( order of 
αn(μ)), easily gets factor 2. 

• BG is smaller in 1 lepton channel and 
dominated by ttbar.  calibration is easier)  
Tune  ETmiss cut. 

1-lepton channel



Discovery Potential

Fast simulation result
Signal           : Isawig/Jimmy
Background : Alpgen

5-sigma discovery potential on m0-m1/2 plane

100pb-1
m1/2

400

800

1200

m01500500

1fb-1
m1/2

400

800

1200

1500500 m0

0-lepton
1-lepton

 Only statistical error is included.
 Backgound is estimated by Alpgen. 
 0-lepton mode : More statistics is available.
 1-lepton mode : Relatively smaller background uncertainty.

  Major background is tt(+njets) is comparatively predictable.  

ATLAS
preliminary

ATLAS
preliminar
ym(g)~1TeV

m(q)~1TeV
~
~ m(g)~0.8TeV

m(q)~1.5TeV
~
~

m(g)~1.6TeV
m(q)~1.5TeV~

m(g)~1TeV
m(q)~1.6TeV~

~
~

From Kanay’s Slide in SUSY06



Getting off from MSUGRA

• If both volume modulas T and 
compensator C  contribute to the 
SUSY breaking. 

• mass spectrum can be quite 
degenerated. Change FT/FC,   
MSUGRA→ UED like→ AM

r

Figure 3: The behavior of the Higgsino mass parameter µ. The shaded region is same as in Fig.2.
The dashed (thin–solid) curve corresponds to MZ = 0.3M0 (M0/MZ → ∞).

senger scale close to the intermediate scale
√

m3/2MP l, while the string, compactification

and gauge unification scales are all close to MP l. The most dramatic situation is α = 2 for

which soft masses appear to be unified at TeV although the gauge couplings are unified at

1016−1017 GeV. Although no string theory realization is found yet, α = 2 can be naturally

obtained by an uplifting mechanism to yield an uplifting potential Vlift ∝ 1/(T +T ∗) [8, 9].

Alternatively, one might be able to obtain such a value of α by tuning the form of the

non-perturbative superpotential [9]. All the results of our phenomenological analysis are

summarized in Figs. 1– 4 and Table 1.
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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-partabative
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 the function 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 ln Zr

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 representaion 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).

choice for large μ
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α =
m3/2(T + T ∗)

FT log(Mpl/m3/2)



SUSY at LHC in degenerated limit 

• degenerate SUSY= lower PT jets, 
small Meff.  Discovery gets difficult 
(no chance if all masses are same )

• “Benchmark” of degenerate 
scenario 

• Need to take into account the 
background seriously

• S/N<1, discovery is  in ?? because 
of the background uncertainty   

MSUGRA

m(LSP)=0.7M(squark)

Kawagoe and Nojiri

1.5 TeV gluino 



Little Higgs model with T parity

• fermion partner instead of top 
partner

• Typical “fermion” top partner 
production cross section is 0.2 
pb at m(T)=800GeV. 

•  σ(boson) /σ(fermion)=0.1

• The difference comes from spin 
structure. stop production is 
“mostly” p wave. 

•

20

T+T
–

+

b-b
–

-, t-t
–
-

b
–
T+ + bT

–
+

t
–
T+ + tT

–
+

q
–
T+ + qT

–
+

T-T
–

-

f(GeV)

!
(p

b
)

Mq_ (GeV)

MT_ (GeV)

MT+ (GeV)

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

600 800 1000 1200 1400 1600 1800 2000

750 1000 1250 1500 1750 2000 2250 2500 2750

600 800 1000 1200 1400 1600 1800 2000

750 1000 1250 1500 1750 2000 2250 2500 2750

FIG. 7: The third generation heavy T-odd and T-even quark production cross sections at the LHC.

doublet top quark (t−) mass is larger than one for T− and is about the same as one for T+.

As f increases, both T− and T+ become heavier, and the single-T+ production in associ-

ation with light quarks (q̄T+ + qT̄+) (long-dash curve) rate becomes larger than the T−T̄−

rate. This is because of the phase space suppression in T−T̄− (or T+T̄+ - dotted curve) pair

production, for producing two heavy particles, as compared to producing only one heavy

particle in single-T+ event. Furthermore, the single-T+ production mechanism is dominated

by longitudinal W -boson fusion with the incoming bottom quark in the t-channel production

process, similar to the SM t-channel single-top production [26, 27]. Due to the collinear en-

hancement for the light quark emitting a W -boson in the high energy region, the constituent

cross section of single-T+ process does not drop as fast as that of pair production process.

from Belyaev et al hep-ph 0609179  

typical stop pair
 production 

typical total SUSY
 cross section 

top partner production 



• Clue: ETmiss tend to be ~0.5 Meff for the 
events with 2 DM. 

• 2 “uncorrelated”  top with  same  
energy    |pCM| . Large Meff means large 
ETmiss for fixed M(T_). 

pCM

!

 Emiss pCM

W

jet jet 

jet 
"

Reconstruction of top partners at LHC
(Matsumoto, Nojiri, Nomura.... to appear soon )

Meff 

ET
m

is
s

gg → T−T ∗

−
, T− → tBH

σ = 0.2pb for m(T
−

) = 800 GeV

σ(tt) ∼ 1nbBG is huge 

Top partner :  Key particle of Little higgs model 
with T parity

comphep+ Herwig 



Top reconstruction 

• hemisphere analysis: find two axes in a 
event 

• algorithm

• take highest PT jet as seed of an axis. (A)

• take 2nd jet with max PxΔR from the 1st jet 
as the seed of the 2nd axis (B)

• assign jet and lepton activities to the “closer 
axis”. (C) 

•   recalculate “axis=sum of particle in the 
hemisphere” , repeat . (D,E)

F. Moortgat and L. Pape, CMS Physics TDR 

3 jet invariant mass distribution 
in a 1st hemisphere

top peak!

This is  an unbiased selection 



Signal and BG 

•  tops are  seen in both of the hemisphere

• probability of top reconstruction is small for the  ttbar 
background (because of ETmiss cut) 

• Need b tag to make ttbar is a dominant background (not applied)

tt production ETmiss>400GeV
T-T- production  t-->tBH

m(jjj, 1st) m(jjj, 1st) 

m
(jj

j, 
2n

d)
 



signal distribution & top background

• signal ETmiss distribution  has  a peak near Meff/2 

• BG peaks at Etmiss<<Meff

•  good margin for discovery due to the bump structure. 

no K factor for signal and  background 
one of m(jjj) is consistent to mt 

signal 
region

m(T-)=700GeV m(T-)=700GeV 

L= 50fb-1

ETmiss (for Meff=1200-1400GeV) ETmiss (for Meff=1200-1400 GeV ) 

bamp!

top is not required 



Sensitivity to the mass

M(T-)=600GeV M(DM)=100GeV
Meff>1000GeV 
ETmiss>400GeV
σ=0.98pb 

M(T-)=700GeV M(DM)=125GeV
Meff>1100GeV 
ETmiss>450GeV
σ=0.38pb

MT2 for M(BH)=150 GeV 



SUSY parameter measurement
A brief history

• early 1990

• JLC study:   define LC as the machine  to 
measure SUSY parameters, spin, and 
interaction. check GUT relation  M1:M2 

• LHC  as a discovery machine.

• Snowmass 1996: 

• Trying to establish US participation at LHC, 
“(ex-)Theorists”(Hinchliffe, Paige, ...)  took LC 
concepts.   Techniques for mass reconstruction 
were established at that time. 

• ILC: SUSY coupling measurements (’96 Nojiri 
et al , Feng et al....):  physics point of LC over 
LHC

pair-produced charginos !̃ 1
! with a 10% acceptance from its

decay products,16 assuming "Ldt"100 fb#1 for both

Pe"1 and 0. The errors in m !̃
1
$ and m !̃

2
$ were both assumed

to be 2% as long as they are accessible kinematically.17 One

can see that the upper bound practically disappears18 when

tan# exceeds 5.

C. Checking the supersymmetry relation

So far we have been assuming that new particles found at

a LC are superpartners of leptons. In other words, we have

implicitly been using supersymmetric interactions of sfermi-

ons with the neutralinos of the MSSM without any attempt at

checking the nature of the interactions. Instead, we merely

used the data to determine the free parameters of the MSSM,

such as M 1 and tan# . In this subsection we are going to
discuss the possibility to probe the gaugino-sfermion-

fermion interaction $more specifically, the B̃-ẽR-eR coupling%
and some aspects of the B̃-&̃1-& coupling.
We start our discussion with ẽR . The production proceeds

though the s-channel exchange of gauge bosons and

t-channel exchange of neutralinos, whose cross section is

shown in Appendix B. The t-channel exchange is dominated

by B-ino-like neutralino exchange, which led us to the

simple dependence of the cross section on the gaugino mass

M 1 as has been shown in Fig. 3$a%.
The tree-level coupling of the B̃-ẽR-eR vertex has a

simple relation to the B-e-e coupling in the MSSM:

gB̃ ẽ ReR
"!2gtan'W"!2g!. $19%

This relation is imposed by supersymmetry. Thus the mea-

surement of gB̃ ẽ e will allow us to prove that ẽ and B̃ are

indeed superpartners of eR and B .

For this test we modify the relation of Eq. $19% as

gB̃ ẽ ReR
"!2g!Y B̃ $20%

and estimate the sensitivity to Y B̃ by introducing a new

(!̄2 function for the selectron pair production which de-
pends on Y B̃ though gB̃ ẽ Re

. In the limit of mZ%M 1 and ) ,
we obtain an approximate formula for the matrix element

M:

M*sin'!1#
4Y

B̃

2

1#2cos'# f!# f
2!4M 1

2/s
" . $21%

It is apparent from Eq. $21% that one can constrain both Y B̃
and M 1 by measuring the differential cross section:

d+(e!e#→ ẽR
!ẽR

#)/dcos'.
Figure 14 is a (!̄ ẽ

2
contour plot projected on the M 1-Y B̃

plane for a representative point in the parameter space of the

MSSM: m ẽR
"200 GeV, )"300 GeV, M 1"99.57 GeV, and

tan#"2. One finds a good sensitivity to the coupling Y B̃ of
,1% in this case. The reason why we got upper and lower

bounds on M 1 and Y B̃ is as follows: When we increase M 1!
from M 1 to M 1!(M 1, the total cross section decreases. The

16The direction of a produced chargino can be solved for with a

twofold ambiguity when the chargino decays into W!̃ 1
0 -6.. The

forward-backward asymmetry for the final state W can also be used

even if the !̃ 1
! decays into W*!̃ 1

0 -25,7..
17(m !̃

1
$ was found to be around 5% for 50 fb#1 of data -6.. A

threshold scan for the !̃ 1
!!̃ 1

# pair production might determine the

mass better.
18It has been claimed that a very precise measurement of tan# is

possible when tan#,4 -7. if the chargino mass errors are negligi-
bly small. Some additional error on tan# has been introduced here

assuming a finite error on m!
i
$. In Fig. 13, we have also taken a

larger value of m /̃ compared to -7., where sensitivity to tan# is

smaller.

FIG. 13. 1$2%‘‘+’’ errors on tan# from chargino production as

functions of input tan# . We used chargino distributions for

Pe"!1 and 0 with "Ldt"100 fb#1, and assuming that both

chargino masses are known to 2% accuracy. The upper bound prac-

tically disappears when tan# exceeds 5. Input values are

M 2"210 GeV, )"#195 GeV, and m /̃ 2
"500 GeV.

FIG. 14. (!̄ ẽ

2"1 contour in the M 1-Y B̃(0gB̃ ẽ Re
/ !2 g!) plane.

The definition of (!̄ ẽ

2
has been modified to allow gB̃ ẽ Re

to deviate

from !2 g!. Input values are m ẽR
"200 GeV, )"300 GeV,

M 1"99.57 GeV, and tan#"2. The error in the coupling is of about
the same order as that of the radiative correction proportional to

log10(mq̃ /m l̃ ) when mq̃ /m l̃,10.

6772 54NOJIRI, FUJII, AND TSUKAMOTO
Tsukamoto et al ‘93

Nojiri et al ‘96



Mass reconstruction at LHC

• Invariant mass distributions instead of energy 
distribution 

• Tag particles from a SUSY particle decay chains  (jet 
selections are essential)  

• end point of distributions  or distributions near  the end 
point (momentums are aligned ) 

• Exact Kinematical relation (long decay chains) 

• PT of the jets ( Peaks at typical scale) ⇒ MT2 

• SUSY distributions” are not correction of the 1 dim 
distributions. It lives in multi-dimensional space---  
momentum space of jets and leptons.

mass
 information }



LSP

squark m(jll)

m(ll)

m(jl)

m(jll) with mll>0.5 mll(max)

 determination of the boundary of phase space 
          for mass determination.  

Here is the trick! 

jet 

lepton 

lepton 

ee+µµ-eµ subtraction 
is effective to select 
single channel 

Hinchliffe et al (97) 



fermion/boson? Left/Right?
• charge asymmetry in jl(+ or -) distributions (Barr, 

Goto et al.... ) in SUSY 

• To have this asymmetry 

•  pp collider (squark> anti-squark)

• squark /sleptons are dominantly left or right. 

• neutralino is spin 1/2

• SUSY is the chiral theory , gaugino-sL-L vertex

• Distribution would be different for UED cases 
( Smillie and Webber, hep-ph 0406317, Alves et 
al hep-ph/0605067 ) 

• general discussion (by Athanasious et al hep-ph 
0605286)  for general decays involving 4 new 
particles

(qL  gaugino lR)

(qL, gaugino, lL)

from Goto et al (2004)



Summary in SPS1a (most lucky case)

• LSP mass error is large, but mass differences are known  
precisely

• Access to 3 neutralino mass, information on 3 of (M1,M2,µ, 
tanβ) 

• selectron and smuon mass error is about same to that of N02

• stau mass also can be measured from tau tau end point. many 
fake tau background. Need more study, but don’t be nervous.  

particle mass error(low) error(high)
gluino 595 16.3 8.0 bbll

squark(L) 540 21.2 8.7 jll

squark(R) 520 17.7 11.8 MT2 10GeV sys 

378 14.6 5.1

177 13.4 4.7

96 13.2 4.7

from LHC/LC study 

χ̃
0
4

χ̃
0

2

χ̃
0

1



Trying to pin down
Dark matter nature 

• DM density: for SPS1a

• slepton exchange (^^)v

• stau co-annihilation (^^;         
not enough in co-annihilation 
region because dependence is 
so large.   (Discussed in Baltz et 
al) 

• higgs s-channel exchange  (; ;) 
Heavy higgs is not accessible in 
many cases. 

• higgsino component  (^^) 
Figure 17: Spin-independent neutralino-proton direct detection cross section for point
LCC1. See Fig. 8 for description of histograms.

efficiency.

In Fig. 20, we show the likelihood distribution for the effective local flux, obtained
by combining the distribution of values of the cross section with the statistical un-
certainty of the direct detection measurement. Using the data from the ILC at 1000
GeV, this property of the dark matter halo at the Earth would be measured to 28%
accuracy.

4.6 Constraints from relic density and direct detection

If LCC1 is the correct theory of Nature, it is possible that, by the end of the
decade, the LHC will have observed missing energy events and a convincing signal of
dark matter from annihilation to gamma rays will also have been observed. Values of
the WIMP mass will have been obtained from the LHC and from the endpoint of the
gamma ray spectrum, and these values will have been seen to agree. Underground
direct detection experiments in the 25 kg range such as SuperCDMS may also give
the WIMP mass and flux at the Earth. Further, the Planck measurements of the
CMB will have provided a very accurate measurement of the cosmic density of dark
matter. Under these circumstances, it would be very tempting to use the Planck and
SuperCDMS measurements to constrain the parameters of supersymmetry model.

This analysis would depend on very strong assumptions whose status would still
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LHC+ILC(1000)

LHC+ILC(500)

Probability density
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LHC

Baltz et al (2006)  
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Figure 9: Value of the predicted relic density Ωχh2 as a function of the measured χ̃0
1 mass.

the Higgs mass is fixed, and its experimental uncertainty does not contribute to the error on
the relic density prediction, as for high Higgs masses the contribution of channels involving
higgses to the neutralino annihilation is negligible.

In this case the dominant contribution to the uncertainty will come from the poorly con-
strained value of tan β. In the interval allowed by the non-observation of theSM decays of the
higgs, the relic density varies by ∼11%, as shown in the right side of Figure 11. It is interesting
to disentangle the contributions of the different annihilation processes to the variation. In the
right side of Figure 11 we show the annihilation cross-sections (in units of their contribution
to 1/Ω). For the different processes. The spread is dominated by the χ̃0

1χ̃
0
1 → τ+τ− process.

The reason is that for each value of tan β we recalculate the soft parameters in such a way the
the sparticle masses, and the branching ratios which are measured experimentally are kept
constant. Therefore the composition of the χ̃0

1 and the value of θτ vary as shown in Figures 3,
producing the dependency observed in the full line in the left side of Figure 11.

An additional uncertainty will come from the value of m(τ̃2), which contributes a ∼ 7%
spread to the result, as shown in Figure 12. This is because the τ̃2 exchange contribution is
opposite to the τ̃1 contribution. The cancellation appear in the s-wave part of the pair anni-
hilation cross section, which is chirality suppressed. In the limit where Higgsino component of
the lightest neutralino can be ignored, the τ̃i contribution to the amplitude can be expressed
as

M(swave) ∝ sin θτ cos θτ [1/(1 + m2
τ̃1/m

2
χ̃0

1
) − 1/(1 + m2

τ̃2/m
2
χ̃0

1
)]Z2

11 (2)

yielding the observed dependence of the annihilation cross-section on m(τ̃2). The mixing

14

MN, Polesello and Tovey 
hep-ph/0512204

Fake peak from Markov
chain analysis



 top in  SUSY events

• N(jet)>>7 typically (not as simple as tt
+missing events. ) 

   Look for  jet pairs  with m(jj)~Mw and m(bjj)
~Mt (biased analysis)

• Background to t bWbjj is estimated 
from events  in the   sideband                            
mjj<Mw-15GeV    mjj>Mw+15 GeV.

• Reconstructed top quarks are  used to study 
tb distribution 

• Warning about jet background (more high 
pT jet)  We may have to require leptons. 

3

mg̃ mt̃1
mb̃1

mb̃2
mχ̃± σSUSY

A1 707 427 570 613 220 26

A2 706 496 587 614 211 25

T1 707 327 570 613 220 30

T2 707 477 570 612 211 25

B 609 402 504 534 179 56

C 931 636 771 805 304 5

G 886 604 714 763 285 7

I 831 571 648 725 265 10

E1 515 273 521 634 153 77

E2 747 524 770 898 232 8

TABLE I: Sparticle masses in GeV and the total SUSY cross
section (σSUSY ) in pb for the parameter points studied in this
paper. The cross sections are calculated by PYTHIA.

energy and transverse momentum of reconstructed
jets, namely meff = Emiss

T +
∑

all pjet
T .

3. There are two and only two b-jets with pT >
30 GeV in an event.

4. Excluding the two b-jets and those identified as tau-
jets, the number of remaining reconstructed jets
with pT > 30 GeV and |η| < 3.0 should be between
four and six, inclusive.

Distributions of the cut variables are shown in Fig. 1.
The first two cuts are to enhance the SUSY events
against the standard model background events. The
other two cuts are to reduce combinatorial background
(wrong combinations of jets) in the reconstruction of the
top quark.

To reconstruct the hadronic decay of the top quark, we
take the following steps (i)-(iv):

(i) We first take jet pairs consistent with a hadronic
W boson decay with a cut on the jet pair invariant
mass mjj : |mjj − mW | < 15 GeV. The mjj dis-
tribution is shown in Fig. 2(a), where the selected
mass region is marked as W (the W mass region).
Although fake W pairs dominate the distribution,
a small bump due to real W bosons can be seen in
the mass region.

(ii) The invariant mass of the jet pair and one of the
b-jets, mbjj , is then calculated. All possible combi-
nations of jet pairs and b-jets are tried in an event
to select the combination which minimizes the dif-
ference |mbjj−mt|. The distribution of the selected
mbjj is shown in Fig. 3(a).

(iii) The energy and momentum of the jet pair are
scaled so that mjj = mW , and the invariant mass
mbjj is recalculated. The distribution is shown in
Fig. 3(b). The jet combination is regarded as a top
quark candidate if |mbjj − mt| < 30 GeV.

FIG. 1: Distributions of (a) missing transverse energy, (b) ef-
fective mass, (c) number of b-jets, and (d) number of remain-
ing jets, for 3 × 106 SUSY events at the point A1. Accepted
regions are hatched.

FIG. 2: Distributions of the invariant mass of two jets (a) for
all possible combinations, and (b) for the combination used
to reconstruct a top candidate. W and A, B indicate the W
mass region and the W sidebands, respectively.

As jets are supplied from gluino or squark decays
and there are several jets in a selected event, events
with a fake W boson (a jet pair that accidentally has
mjj ∼ mW ) still dominate the mbjj distribution. The
contribution of the fake W boson in the W mass region is
estimated from the events that contain jet pairs with the
invariant mass in the regions A: |mjj−(mW −30 GeV)| <
15 GeV and B: |mjj − (mW + 30 GeV)| < 15 GeV. We
call them “the W sidebands”. The energy and momen-
tum of the jet pairs are then scaled linearly to be in the
W mass region |mjj − mW | < 15 GeV. The mjj distri-
butions before the linear scaling are shown for the W
region and the W sidebands in Fig. 2(b). The distri-
bution of the fake top quark candidates is estimated by
following the same steps (ii)-(iv) for the scaled jet pair
(see the hatched histogram in Fig. 3(c)). The “true” dis-

Hisano, Kawagoe , Nojiri(2003)

ATLFAST



gluino→stop  reconstruction

8

(III)1 (IV)11 (IV)21 (III)11 (III)21 sum bbX

A1 11.0 6.7 1.4 3.4 2.7 25.3 43.4

A2 3.1 6.5 1.6 1.4 0.4 13.1 32.0

T1 24.5 3.2 0.8 5.0 3.0 36.5 56.3

T2 4.3 9.9 2.2 0.5 2.1 19.0 36.2

B 4.1 8.2 2.3 0.9 1.7 17.3 33.5

C 7.2 5.3 1.3 0.9 0.8 15.4 38.5

G 6.6 7.5 1.2 0.5 0.8 16.6 40.4

I 6.2 11.1 0.7 0.0 0.7 18.7 47.3

E1 78.5 0 0 0 0 78.5 99

E2 42.6 0 0 0 0 42.6 98

TABLE VI: Branching ratios of gluino cascade decays in %.
The decay modes (III) and (IV) are defined in Eq. (1). The
“sum” is total of all (III)1, (III)i1 and (IV)i1 decay modes.
The “ bbX” is the branching ratio of the gluino decaying into
t̃i or b̃i, so that two bottom quarks appear in the decay prod-
ucts.

FIG. 8: Relation between Mw
tb and Mfit

tb for the sample points.
The solid line corresponds to Mw

tb = Mfit
tb and dashed lines to

Mw
tb(1 ± 0.02) = Mfit

tb . Bars with a diamond and a circle
correspond to PYTHIA and HERWIG samples, respectively.

tribution from the decay chain (III) or (IV) to mt. This is
a good approximation for reasonable SUSY parameters.

In Fig. 10(a) and (b) we compare Nedge in Table V
with Nfit. We find a very good agreement between them
both for the PYTHIA and HERWIG samples. On the
other hand, the correlation between Nall and Nfit is much
worse as shown in Fig. 10(c). The number Nall receives
contribution from other gluino cascade decay chains such
as the modes (I) and (II), as well as contributions from
the stop and the sbottom pair productions. By the end
point fit, we extract number of events coming from only
the modes (III)1, (III)i1 and (IV)i1.

Nedge, and then Nfit, must be related to the number of

FIG. 9: Relation between Meff and mg̃ + mq̃ for the sample
points in Table I (HERWIG samples). The line shows a linear
fit of mg̃ + mq̃ as a function of Meff .

gluino decays through the cascade decay chains (III) and
(IV) via the reconstruction efficiencies. For the points
we study, the number of produced g̃g̃ events, N(g̃g̃),
is typically 10% to 14% of the total SUSY production
events, while the number of q̃∗g̃ and q̃g̃ production events
N(q̃∗g̃)+N(q̃g̃) ranges from 42% to 51%. The gluino de-
cay branchings ratios are listed in Table VI. The number
of events Nprod, where one gluino decays through the
modes (III) or (IV) and the other squark or gluino decay
does not produce any bottom quark, is given as follows;

Nprod = 2N(g̃g̃) (1 − Br(g̃ → bbX))Br(edge)
+ (N(g̃q̃) + N(g̃q̃∗)) Br(edge),

Br(edge) ≡ Br(III)1 + Br(III)11 + Br(III)21
+Br(IV)11, (7)

where Br(g̃ → bbX) is the branching ratio of the gluino
decaying into stop or sbottom, thus having two bottom
quarks in the final state. The reconstruction efficiency of
the tb edge mode, εtb, is given as

εtb = Nedge/Nprod. (8)

If the efficiency does not strongly depend on uncertainty
in hadronization and the model parameter dependence
can be corrected from other measurements, we can ex-
tract the number Nprod from the experimental data.

The major uncertainty in hadronization may be esti-
mated by the generator dependence of the reconstruc-
tion efficiency εtb. The edge height h for the HERWIG
sample is significantly larger than that of the PYTHIA
sample in Table V, except the points E1 and E2, and the
difference is more than 20% at many points. We note
the difference is small before we apply the sideband sub-
traction. For example, the numbers of tb events before
and after the sideband subtraction are 9695 (10180) and

2body 3body

depends on stop mass and mixing angles->edge hights and end 
point* gives constraints to 3rd generation SUSY breaking, B 
physics.... 

M
w
tb =

Br(t̃)Mtb(t̃) + Br(b̃)Mtb(b̃)

Br(t̃) + Br(b̃)

Uncertainty(QCD):   fragmentation (Herwig : Phythia =1.3:1)
  jet finding algorithm.... How to tune MC?

Hisano, Kawagoe , Nojiri(2003)



Thoughts 
• New physics at LHC will be in top sector  with missing momentum 

(LEP precision+hierarchy+DM+wish) 

• fermionic top partner -> discovery. Kinematical understanding is 
necessary. Don’t just count S/B.   

• scalar top (SUSY) ->  Other partners...

• Models are increasing. (They will disappear quickly once  LHC 
starts...) How to feed back the theoretical ideas to 
experimentalists?, especially when we start to see deviation from 
SM/SUSY.   

• Need  model independent output from experimentalists  (not only 
MSSM, MSUGRA)

• How to feedback reality to the theorists?:  Need quick publication 
from experimental side in accessible format. Learning from 
astrophysicists ? 


