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Large Hadron Collider

23/11/2009:  first collision at 0.9 TeV

30/3/2011:  7 TeV collision started

Now:  integrated lumi. ～50 pb-1

searching for new 
physics



Invisible particle 

MSSM: R-parity

UED: KK-parity

❖ New physics lies on TeV scale may contain invisible particles.

• Cosmological observa*on indicates there exists non‐SM par*cle in 
the Universe, which must be stable and invisible (called Dark Ma\er).

• Many extension of the standard model (SM) introduce a new 
stable par*cle as a consequence of new symmetry (parity), and it is 
usually invisible (neural under strong and E.M. interac*ons).    

}. . .

BSMi(-) SM(+), SM(+)

BSMi(-) SM(+), BSMf (-)

Lightest BSM particle is stable.

neutralino, (sneutrino), gravitino in MSSM

KK-photon, KK-neutrino in UED



Production and Decay

• New (coloured) par*cles are produced in pair due to parity.
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Production and Decay
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• New (coloured) par*cles are produced in pair due to parity.

• Because of the strong interac*on, coloured BSM par*cles are more 
likely produced.  They decay towards the colourless invisible par*cles 
producing many SM par*cles, leaving many jets (and leptons) and at 
least two invisible par5cles.
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New Physics Signature

❖ Advantage

❖ Disadvantages

‐‐ can dis*nguish new physics signature from huge SMBG

New physics events may contain many jets (and leptons) and 
large missing energy carried by two invisible particles.   

‐‐ large combinatorial BG:  which jet (lepton) is which? 

‐‐ some informa*on is carried away by two invisible par*cles



FIG. 6: Scattering cross sections versus c.m. energy for the SM processes in pp collisioins. The Higgs

boson mass has been taken as 120 GeV.

have chosen the QCD factorization scale to be Q2=10 GeV2 and 104 GeV2 in these two panels,

respectively. Several general features are important to note for future discussions. The valence

quarks uv, dv, as well as the gluons carry a large momentum fraction, typically x ∼ 0.08− 0.3.

The “sea quarks” (ū = usea, d̄ = dsea, s, c, b) have small x, and are significantly enhanced at

higher Q2. Both of these features lead to important collider consequences. First of all, heavy

objects near the energy threshold are more likely produced via valence quarks. Second, higher

energy processes (comparing to the mass scale of the parton-level subprocess) are more domi-

nantly mediated via sea quarks and gluons.
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New Physics Signature

❖ Advantage

❖ Disadvantages

‐‐ can dis*nguish new physics signature from huge SMBG

‐‐ some informa*on is carried away by two invisible par*cles

‐‐ large combinatorial BG:  which jet (lepton) is which? 

New physics events contain many jets (and lepton) and large 
missing energy carried by two invisible particles.   
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C B

C’
B’ (p2 + p1 + pA)2 = m2

C

(pA)2 = m2
A

(p1 + pA)2 = m2
B

Non of new particle masses cannot be 
calculated without knowing pA or pA’ .

. . .

Observed 5 jets (1, 1’, 2, 2’ + ISR)

??

5! = 120 possible jet assignments
Which jet is which?



New Physics Signature

❖ Advantage

❖ Disadvantages

‐‐ can dis*nguish new physics signature from huge SMBG

‐‐ large combinatorial BG:  which jet (lepton) is which? 

How we can measure new particle masses? 

New physics events contain many jets (and lepton) and large 
missing energy carried by two invisible particles.   

‐‐ some informa*on is carried away by two invisible par*cles



Jet energy

B
1A

• Energy of jet has information of masses at rest frame of BSM particle.

E1 =
m2

B −m2
A

2mB
at rest frame of B

• However it alters by unknown velocity of B . . .

?

?
P P



Invariant mass

?

?

B

A
C

1

2

M2
inv = (p1 + p2)2

• independent of unknown velocity of C

• depends on angle, θ, between 1 and 2

• has maximum at cosθ = -1

=
(m2

C −m2
B)(m2

B −m2
A)

m2
B

(1− cos θ

2

)

I.Hinchliffe, F.E.Paige, M.D.Shapiro, J.Soderqvist, W.Yao, ‘96
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Figure 6: The O1 distributions whose endpoints are described in table 4: (a) the l+l−

edge, (b) the l+l−q edge, (c1) the l±q high-edge (c2) the l±q low-edge, (d) the l+l−q

threshold and (e) the Zq edge. Plots were produced with the cuts described in table 3.4.1.

The number of events corresponds to 100 fb−1 of high luminosity running.

to obtain an estimate of the accuracy with which these observables may be measured.
It is expected that the errors on all of the observables considered here will eventually

be statistics dominated, so simple fits have been made to the data to obtain estimates
of the statistical errors on the edge or end point locations. The shapes fitted to the

data (see figure 7) and the algorithms for determining the boundaries of the fitted
regions have been kept as simple and generic as possible, with the intention of making
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Figure 6: The O1 distributions whose endpoints are described in table 4: (a) the l+l−

edge, (b) the l+l−q edge, (c1) the l±q high-edge (c2) the l±q low-edge, (d) the l+l−q

threshold and (e) the Zq edge. Plots were produced with the cuts described in table 3.4.1.

The number of events corresponds to 100 fb−1 of high luminosity running.

to obtain an estimate of the accuracy with which these observables may be measured.
It is expected that the errors on all of the observables considered here will eventually

be statistics dominated, so simple fits have been made to the data to obtain estimates
of the statistical errors on the edge or end point locations. The shapes fitted to the

data (see figure 7) and the algorithms for determining the boundaries of the fitted
regions have been kept as simple and generic as possible, with the intention of making
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Figure 6: The O1 distributions whose endpoints are described in table 4: (a) the l+l−

edge, (b) the l+l−q edge, (c1) the l±q high-edge (c2) the l±q low-edge, (d) the l+l−q

threshold and (e) the Zq edge. Plots were produced with the cuts described in table 3.4.1.

The number of events corresponds to 100 fb−1 of high luminosity running.

to obtain an estimate of the accuracy with which these observables may be measured.
It is expected that the errors on all of the observables considered here will eventually

be statistics dominated, so simple fits have been made to the data to obtain estimates
of the statistical errors on the edge or end point locations. The shapes fitted to the

data (see figure 7) and the algorithms for determining the boundaries of the fitted
regions have been kept as simple and generic as possible, with the intention of making
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Figure 6: The O1 distributions whose endpoints are described in table 4: (a) the l+l−

edge, (b) the l+l−q edge, (c1) the l±q high-edge (c2) the l±q low-edge, (d) the l+l−q

threshold and (e) the Zq edge. Plots were produced with the cuts described in table 3.4.1.

The number of events corresponds to 100 fb−1 of high luminosity running.

to obtain an estimate of the accuracy with which these observables may be measured.
It is expected that the errors on all of the observables considered here will eventually

be statistics dominated, so simple fits have been made to the data to obtain estimates
of the statistical errors on the edge or end point locations. The shapes fitted to the

data (see figure 7) and the algorithms for determining the boundaries of the fitted
regions have been kept as simple and generic as possible, with the intention of making
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Figure 6: The O1 distributions whose endpoints are described in table 4: (a) the l+l−

edge, (b) the l+l−q edge, (c1) the l±q high-edge (c2) the l±q low-edge, (d) the l+l−q

threshold and (e) the Zq edge. Plots were produced with the cuts described in table 3.4.1.

The number of events corresponds to 100 fb−1 of high luminosity running.

to obtain an estimate of the accuracy with which these observables may be measured.
It is expected that the errors on all of the observables considered here will eventually

be statistics dominated, so simple fits have been made to the data to obtain estimates
of the statistical errors on the edge or end point locations. The shapes fitted to the

data (see figure 7) and the algorithms for determining the boundaries of the fitted
regions have been kept as simple and generic as possible, with the intention of making
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Figure 6: The O1 distributions whose endpoints are described in table 4: (a) the l+l−

edge, (b) the l+l−q edge, (c1) the l±q high-edge (c2) the l±q low-edge, (d) the l+l−q

threshold and (e) the Zq edge. Plots were produced with the cuts described in table 3.4.1.

The number of events corresponds to 100 fb−1 of high luminosity running.

to obtain an estimate of the accuracy with which these observables may be measured.
It is expected that the errors on all of the observables considered here will eventually

be statistics dominated, so simple fits have been made to the data to obtain estimates
of the statistical errors on the edge or end point locations. The shapes fitted to the

data (see figure 7) and the algorithms for determining the boundaries of the fitted
regions have been kept as simple and generic as possible, with the intention of making
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Figure 6: The O1 distributions whose endpoints are described in table 4: (a) the l+l−

edge, (b) the l+l−q edge, (c1) the l±q high-edge (c2) the l±q low-edge, (d) the l+l−q

threshold and (e) the Zq edge. Plots were produced with the cuts described in table 3.4.1.

The number of events corresponds to 100 fb−1 of high luminosity running.

to obtain an estimate of the accuracy with which these observables may be measured.
It is expected that the errors on all of the observables considered here will eventually

be statistics dominated, so simple fits have been made to the data to obtain estimates
of the statistical errors on the edge or end point locations. The shapes fitted to the

data (see figure 7) and the algorithms for determining the boundaries of the fitted
regions have been kept as simple and generic as possible, with the intention of making
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B’C’
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BCD

Solving events K. Kawagoe, M.M.Nojiri, 
G.Polesello '05

123

px(y)
Tmiss = px(y)

A + px(y)
A′

. . . 

}
}

mass shell 
constraints

pTmiss constraints

m2
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Solving events
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plex solutions, but we will keep only the real and positive-
energy ones, which we simply call ‘‘solutions’’ in the rest
of the paper. Thus, up to a certain number of discrete
ambiguities we can determine the Z, Y, X, N masses by
pairing any two signal events. Even a few pairs of events
are typically sufficient to eliminate the discrete ambiguities
due to higher order equations. However, effects such as
wrong combinations and solutions, initial and final state
radiation, experimental resolutions, and background events
will add complications, which we address in Sec. IV.

Eqs. (6)–(15) can be easily reduced to 3 quadratic equa-
tions plus 13 linear equations,

p2
1 ¼ p2

2 ¼ q21 ¼ q22; (16)

2p1 " p3 þ p2
3 ¼ 2p2 " p4 þ p2

4 ¼ 2q1 " q3 þ q23

¼ 2q2 " q4 þ q24; (17)

2ðp1 þ p3Þ " p5 þ p2
5 ¼ 2ðp2 þ p4Þ " p6 þ p2

6

¼ 2ðq1 þ q3Þ " q5 þ q25

¼ 2ðq2 þ q4Þ " q6 þ q26; (18)

2ðp1 þ p3 þ p5Þ " p7 þ p2
7 ¼ 2ðp2 þ p4 þ p6Þ " p8 þ p2

8

¼ 2ðq1 þ q3 þ q5Þ " q7 þ q27

¼ 2ðq2 þ q4 þ q6Þ " q8 þ q28;

(19)

px
1 þ px

2 ¼ px
miss; py

1 þ py
2 ¼ py

miss; (20)

qx1 þ qx2 ¼ qxmiss; qy1 þ qy2 ¼ qymiss; (21)

where all but the first line are linear equations because
p3;4;5;6;7;8 and q3;4;5;6;7;8 are all visible measured momenta.
In general, the above equation system has 8 complex
solutions, each of which could be real. This can be shown
by calculating the Gröbner basis [29], in which the system
is transformed to an 8th order univariate equation plus 15
linear equations. Since the other 15 equations are linear, it
is straightforward to solve for the other 15 variables once
the 8th order equation is solved. Commercial software such
as MATHEMATICA uses this method. However, it consumes
an intolerably long time for a single or small number of
PCs. We take a simpler and faster approach which is
described in detail in the appendixes. In our method,
instead of ending up with an 8th order equation, we obtain
a 9th order univariate polynomial equation and therefore
introduce a fake solution in addition to the true solutions.
The 9th order univariate polynomial equation is numeri-
cally solved using the algorithm TOMS/493 [30]. The fake
solution can be easily eliminated by substituting back all
solutions in the original equations.

IV. APPLICATIONS

A. SUSY point SPS1a

For illustration and easy comparison to the literature, we
apply our method for the SUSY point, SPS1a [31],
although many of the discussions below apply for generic
cases. For SPS1a, the particles corresponding to N, X, Y, Z
are ~!0

1,
~‘Rð‘ ¼ e="Þ, ~!0

2, ~qLðq ¼ d; u; s; cÞ, respectively.
The masses are

mN ¼ 97:4 GeV; mX ¼ 142:5 GeV;

mY ¼ 180:3 GeV; mZ ¼ 564:8=570:8 GeV;
(22)

with the final two numbers corresponding to up/down type
squarks, respectively. Since m~# ! m~e; ~", the ‘ ¼ # case is
an important background. We generate events with
PYTHIA 6.4 [32].
We first consider the ideal case: no background events,

all visible momenta measured exactly, all intermediate
particles on shell and each visible particle associated
with the correct decay chain and position in the decay
chain. We also restrict the squarks to be up-type only. In
this case, we can solve for the masses exactly by pairing
any two events. The only complication comes from there
being 8 complex solutions for the system of equations, of
which more than one can be real and positive. Of course,
the wrong solutions are different from pair to pair, but the
correct solution is common. The mass distributions for the
ideal case with 100 events (no kinematic cuts applied) are
shown in Fig. 3. Note the logarithmic scale. As expected,
we observe $-function-like mass peaks on top of small
backgrounds coming from wrong solutions. On average,
there are about 2 solutions per pair of events.
The $ functions in the mass distributions arise only

when exactly correct momenta are input into the equations
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FIG. 3. We plot the number of mass solutions (in 1 GeV bins—
the same binning is used for the other plots) vs mass in the ideal
case. All possible pairs for 100 events are included. Signal events
only.
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we solve. To be experimentally realistic, we now include
the following.

(1) Wrong combinations. For a given event a ‘‘combi-
nation’’ is a particular assignment of the jets and
leptons to the external legs of Fig. 2. For each event,
there is only one correct combination (excluding
1357 $ 2468 symmetry). Assuming that we can
identify the two jets that correspond to the two
quarks, we have 8 (16) possible combinations for
the 2!2e (4! or 4e) channel. The total number of
combinations for a pair of events is the product of
the two, i.e., 64, 128, or 256. Adding the wrong
combination pairings for the ideal case yields the
mass distributions of Fig. 4. Compared to Fig. 3,
there are 16 times more (wrong) solutions, but the "-
function-like mass peaks remain evident.

(2) Finite widths. For SPS1a, the widths of the inter-
mediate particles are roughly 5 GeV, 20 MeV, and

200 MeV for ~qL, ~#
0
2, and

~‘R. Thus, the widths are
quite small in comparison to the corresponding
masses.

(3) Mass splitting between flavors. The masses for up
and down type squarks have a small difference of
6 GeV. Since it is impossible to determine flavors for
the light jets, the mass determined should be viewed
as the average value of the two squarks (weighted by
the parton distribution functions).

(4) Initial/final state radiation. These two types of ra-
diation not only smear the visible particles’ mo-
menta, but also provide a source for extra jets in
the events. We will apply a pT cut to get rid of soft
jets.

(5) Extra hard particles in the signal events. In SPS1a,
many of the squarks come from gluino decay (~g !
q~qL), which yields another hard q in the event.
Fortunately, for SPS1a m~g !m~qL ¼ 40 GeV is

much smaller than m~qL !m~#0
2
¼ 380 GeV.

Therefore, the q from squark decay is usually
much more energetic than the q from ~g decay. We
select the two jets with highest pT in each event after
cuts. Experimentally, one would want to justify this
choice by examining the jet multiplicity to ensure
that this analysis is dominated by 2-jet events, and
not 3 or 4 jet events.

(6) Background events. The SM backgrounds are neg-
ligible for this signal in SPS1a. There are a few
significant backgrounds from other SUSY pro-
cesses:

(a) ~qL ! q~#0
2 ! q$~$ ! q$$~#0

1 for one or both decay
chains, with all $’s decaying leptonically. Indeed,
~#0
2 ! $~$ has the largest partial width, being 14

times that of ~#0
2 ! ! ~!. However, to be included

in our selection the two $’s in one decay chain must
both decay to leptons with the same flavor, which
reduces the ratio. A cut on lepton pT also helps to
reduce this background, since leptons from $ decays
are softer. Experimentally, one should perform a
separate search for hadronically decaying tau’s or
nonidentical-flavor lepton decay chains to explicitly
measure this background.

(b) Processes containing a pair of sbottoms, which have
different masses from the first two generations.
Since b jets are distinguishable, a separate analysis
should be performed to determine the b squark
masses. However, this presents a background to
the light squark search since b-tagging efficiency
is only about 50% at high pT .

(c) Processes that contain a pair of ~#0
2’s, not both com-

ing from squark decays. For these events to fake
signal events, extra jets need to come from initial
and/or final state radiation or other particle decays.
For example, direct ~#0

2 pair production or ~#0
2 þ ~g

production. These are electroweak processes, but,
since ~#0

2 has a much smaller mass than squarks, the
cross section is not negligible. In our SPS1a analy-
sis, the large jet pT cut reduces this kind of back-
ground due to the small m~g !m~qL .

(7) Experimental resolutions. In order to estimate this
experimental effect at the LHC, events in both signal
and the aforementioned SUSY backgrounds are fur-
ther processed with pretty good simulation (PGS)
[33]. Note that in [7], we used ATLFAST [42] for the
detector simulation. Compared with ATLFAST, PGS
has more stringent lepton isolation cuts, therefore
we obtain fewer events. Nevertheless, as shown
below, the results turn out to be similar. All objects
including jets, isolated leptons, and missing pT are
taken directly from PGS.

The cuts used to isolate the signal are:
(I) Four isolated leptons with pT > 10 GeV, j%j< 2:5,

and matching flavors and charges consistent with our

assumed ~#0
2 ! ~‘ ! ~#0

1 decay.
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FIG. 4. Number of mass solutions vs mass after including all
combination pairings for 100 events. Signal events only, with
only combinatoric ambiguities included.
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(322 signalþ 108 background), and the average number
of combinations per event changes from 11 to 4.

Second, we increase the significance of the true solution
by weighting each surviving pair of events by 1=n where n
is the number of solutions for the given pair (using only the
combination choices that have survived the previous cuts).
This causes each pair (and therefore each event) to have
equal weight in our histograms. Without this weighting, a
pair with multiple solutions has more weight than a pair
with a single solution, even though at most one solution
would be correct for each pair.

Finally, we exploit the fact that wrong solutions and
backgrounds are much less likely to yield MN , MX, MY ,
andMZ values that are all simultaneously close to their true
values. We plot the 1=n-weighted number of solutions as a
function of the three mass differences (Fig. 7). We define
mass difference windows by 0:6" ðpeak heightÞ and keep
only those solutions for which all three mass differences
fall within the mass difference windows. The surviving
solutions are plotted (without the 1=n weighting) in
Fig. 8. Compared with Fig. 5, the mass peaks are narrower,
more symmetric and the fitted values are less biased. The
fitted masses are f93:9; 140:3; 180:5; 559:2g GeV.
Repeating the procedure for 20 data sets, we find

mN ¼ 93:8& 3:9 GeV; mX ¼ 138:4& 4:5 GeV;

mY ¼ 178:7& 4:6 GeV; mZ ¼ 559:5& 5:4 GeV;

(24)

to be compared to the input masses of Eq. (22). Thus, the
biases are reduced without significantly increasing the
statistical errors.

Thus, we have shown that the masses can be measured
with high precision for a few hundred events in the four-
fermion decay channel. In the case of the SPS1a point, the
number of events employed above corresponds to a high
integrated luminosity, L' 300 fb(1. The reason that such
a high luminosity is required in the case of the SPS1a

scenario is that the branching ratio for ~!0
2 ! ~"" is 14 times

that for ~!0
2 ! ~## or ~!0

2 ! ~ee. More generally, the inte-
grated luminosity needed to get a few hundred events is
highly dependent on the branching ratios for the various
SUSY particle decays in the model. For example, if one
takes the SPS1a masses but requires that ~!0

2 decays equally
to the three lepton flavors instead, the same number of
signal events as employed above can be obtained with just
10 fb(1 of data.
Although the errors in the mass determinations depend

upon the number of events, our method is quite robust in
that we get decent mass determinations even with a small
number of events. In Fig. 9, the mass distributions for 50
events are shown, with evident mass peaks. By repeating
our procedure for multiple data sets of a given size, we
obtain the errors as functions of the number of events.
Figure 10 shows the error for the ~!0

1 mass determination
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FIG. 7. SPS1a, L ¼ 300 fb(1 mass difference distributions.
All effects incorporated, including backgrounds.
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FIG. 9 (color online). Mass distributions for 50 events for
SPS1a.
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Figure 6: The O1 distributions whose endpoints are described in table 4: (a) the l+l−

edge, (b) the l+l−q edge, (c1) the l±q high-edge (c2) the l±q low-edge, (d) the l+l−q

threshold and (e) the Zq edge. Plots were produced with the cuts described in table 3.4.1.

The number of events corresponds to 100 fb−1 of high luminosity running.

to obtain an estimate of the accuracy with which these observables may be measured.
It is expected that the errors on all of the observables considered here will eventually

be statistics dominated, so simple fits have been made to the data to obtain estimates
of the statistical errors on the edge or end point locations. The shapes fitted to the

data (see figure 7) and the algorithms for determining the boundaries of the fitted
regions have been kept as simple and generic as possible, with the intention of making
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N X Y Z

χ̃0
1 ẽR χ̃0

2 ũL
96 143 177 537

Table 1: Mass spectrum in GeV for Snowmass point SPS 1a
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Figure 2: Stereoscopic views of the true parton-level solution curves for three events. The ball
shows the true mass point.

using HERWIG version 6.5 [6–8]. Some of the squarks are produced directly and some

come from gluino decay; the production mechanism affects their momentum and rapidity

distributions but is otherwise irrelevant for our purposes.

Third-generation squarks are excluded, as their different masses prevent a good fit

with a single squark mass. Experimentally, this would involve vetoing events with a tagged

b-jet. At SUSY point SPS 1a only left-squarks have significant branching ratios into the

mode (1.1) and so the left-right squark mass splitting is not a problem here. The d̃L − ũL
mass difference is 5.8 GeV. Therefore the assumption that the masses in the two decay

chains are identical should be a good approximation.

Figure 2 shows the parton-level solution curves for three typical SPS1a events, using

the correct combinations of quarks and leptons in the decay chains.2 The curves all pass

close to the “true” mass point (TMP)

M1 = 257040 , M2 = 10880 , M3 = 11233 , (3.1)

all in GeV2, corresponding to the SUSY mass spectrum in Table 1. The curves do not

precisely intersect, even with exact kinematics, owing to Breit-Wigner smearing of unstable

particle masses. However, we see that the density of solution curves is high only in the

vicinity of the TMP (3.1).

Figure 3 shows the effect of combinatorial ambiguities for the same three events, viewed

from a different angle for clarity. Here the interchanges of near and far leptons (2 ↔ 3 and

6 ↔ 7) and of quarks (1 ↔ 5) are included, making eight combinations per event. Three-

dimensional viewing reveals that incorrect combinations either have no real solutions or

tend to give curves that do not congregate to form regions of high density.

2The two images can be merged into a three-dimensional display by directing each eye at the corre-

sponding image.
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Error estimation
1. generate fake events

For each observed event, we generate 1000 “fake” events whose momenta 
of jets and missing are deviate from observed ones, according to 
Gaussian type error functions.

χ̃0
1 ẽR χ̃0

2 ũL

Point A 68.2+16.2
−5.8 127.9+12.6

−4.2 146.1+13.0
−4.4 493.8+11.5

−3.8

Point B 94.5+8.5
−2.8 137.2+9.1

−3.1 181.7+8.5
−2.8 561.7+9.4

−3.1

Point C 95.6+5.1
−5.3 167.4+3.9

−3.9 186.1+4.0
−4.0 593.4+3.4

−3.4

Table 4: Estimated sparticle masses with their errors in GeV.

In the following analysis, we generate 1000 Monte Carlo fake events for each event.

For the smearing of jets and the missing transverse momentum, we use gaussian functions

with the following standard deviations, obtained by parametrizing the AcerDET results:

σE
E

=
0.5√
E

+ 0.03, σφ =
0.4√
E

+ 0.015, ση =
0.3√
E

+ 0.02, (3.5)

for jets and

σE
E

=
0.5√
E

+ 0.03, σφ =
0.8√
E

+ 0.06, (3.6)

for the missing transverse momentum. We do not smear the lepton momenta because

mismeasurement of lepton momenta is negligible compared to the jet smearing.

Figure 4 shows the ∆χ2(M) distribution obtained by the above procedure for each

model point. The cell size is ∆M1 = 5000, ∆M2 = 400, ∆M3 = 600 in GeV2. The

distribution has only one sharp minimum, which is close to the TMP, as can be seen in

Table 3. Backgrounds from wrong combinations and different decay chains do not produce

local minima at other places, and the effect of those backgrounds may be less significant

around the true mass point.

The second row in Table 3 shows how many different events share the best-fit cell;

the signal/background ratios in that cell are also shown in parentheses. The ratios are

improved significantly. For each model point the ratio is about twice that for the whole

sample.

In the third to fifth row of Table 3, we show the central values of the best-fit cells

compared to the TMP at each model point. As can be seen, the best-fit points are slightly

biased towards lower masses. This may result from the following systematic errors in the

present analysis. First, the AcerDET jets that we use are defined as massless, whereas

the 4-momenta defined by ppar = p(q̃) − p(χ̃0
2) have masses of around 10-100 GeV after

fragmentation and hadronization. Second, we have parametrized the probability distribu-

tions of parton momenta by gaussian functions. However, the difference between a parton

momentum in the event record and the AcerDET jet momentum deviates slightly from a

gaussian distribution, due to the underlying event, hadronization effects and high-pT gluon

emission from the original parton. A better jet algorithm with jet masses and a more

refined parametrization will be needed to reduce these systematic errors.

Table 4 shows the sparticle masses estimated from our analysis. The errors are obtained

from 1σ regions assuming the errors in M1, M2 and M3 are uncorrelated, where the 1σ

region is defined by ∆χ2 < 3.53. We neglect the error from the mismeasurement of the

dilepton endpoint because of its expected good accuracy. The 1σ errors at Point C are
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−5.3 167.4+3.9
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Table 4: Estimated sparticle masses with their errors in GeV.

In the following analysis, we generate 1000 Monte Carlo fake events for each event.

For the smearing of jets and the missing transverse momentum, we use gaussian functions

with the following standard deviations, obtained by parametrizing the AcerDET results:

σE
E

=
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E
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0.4√
E

+ 0.015, ση =
0.3√
E

+ 0.02, (3.5)

for jets and

σE
E

=
0.5√
E

+ 0.03, σφ =
0.8√
E

+ 0.06, (3.6)

for the missing transverse momentum. We do not smear the lepton momenta because

mismeasurement of lepton momenta is negligible compared to the jet smearing.

Figure 4 shows the ∆χ2(M) distribution obtained by the above procedure for each

model point. The cell size is ∆M1 = 5000, ∆M2 = 400, ∆M3 = 600 in GeV2. The

distribution has only one sharp minimum, which is close to the TMP, as can be seen in

Table 3. Backgrounds from wrong combinations and different decay chains do not produce

local minima at other places, and the effect of those backgrounds may be less significant

around the true mass point.

The second row in Table 3 shows how many different events share the best-fit cell;

the signal/background ratios in that cell are also shown in parentheses. The ratios are

improved significantly. For each model point the ratio is about twice that for the whole

sample.

In the third to fifth row of Table 3, we show the central values of the best-fit cells

compared to the TMP at each model point. As can be seen, the best-fit points are slightly

biased towards lower masses. This may result from the following systematic errors in the

present analysis. First, the AcerDET jets that we use are defined as massless, whereas

the 4-momenta defined by ppar = p(q̃) − p(χ̃0
2) have masses of around 10-100 GeV after

fragmentation and hadronization. Second, we have parametrized the probability distribu-

tions of parton momenta by gaussian functions. However, the difference between a parton

momentum in the event record and the AcerDET jet momentum deviates slightly from a

gaussian distribution, due to the underlying event, hadronization effects and high-pT gluon

emission from the original parton. A better jet algorithm with jet masses and a more

refined parametrization will be needed to reduce these systematic errors.

Table 4 shows the sparticle masses estimated from our analysis. The errors are obtained

from 1σ regions assuming the errors in M1, M2 and M3 are uncorrelated, where the 1σ

region is defined by ∆χ2 < 3.53. We neglect the error from the mismeasurement of the

dilepton endpoint because of its expected good accuracy. The 1σ errors at Point C are
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for jets:

for missing momentum:

2. define probability density

Probability density, f(M), can be obtained up to normalisation by counting 
how many curves are passing through a cell, M.  

3. get likelihood function

Δχ2 or log(L) can be obtained by

Point A Point B Point C

Events (S/B) 326 (4.2) 499 (4.5) 292 (2.8)

Sharing (S/B) 219 (8.1) 341 (9.7) 172 (4.9)

M1 (True ; Best) 231890 ; 222500 286157 ; 282500 316274 ; 317500

M2 (True ; Best) 5624 ; 5000 14520 ; 14200 6815 ; 6600

M3 (True ; Best) 12872 ; 11700 10293 ; 9900 19812 ; 18900

Table 3: First row: number of events (signal/background) after cuts. Second row: number of
events that contribute to the best-fit cell in the ∆χ2 distribution. Third to fifth rows: true mass
and the central value of the best-fit cell in GeV2.

(A) (B) (C)

Figure 4: Distribution of ∆χ2(M) for each model point at detector level. The true mass point is
at the intersection of the three dashed lines.

where p4, p8 and mN are the functions of M and ppar1,2 given in section 2, and Niev is a

normalization factor. Given N event-combinations, log-likelihood and ∆χ2 functions are

obtained as

lnL(M) =
N
∑

iev

ln fiev(M) (3.3)

and

∆χ2(M) = 2(lnL(M)max − lnL(M)), (3.4)

respectively, where lnL(M)max is the maximum value of lnL(M) in the space M.

We calculate lnL(M) approximately by the following procedure. For each event, we

generate Monte Carlo “fake” events whose jet momenta are shifted from the original ones

according to the probability distribution ε(ppar|pjet). The parameter space M is divided

into cells. For each cell, we count the number of fake events for which the solution curves

go through that cell. If different combinations of the same event yield two or more curves

passing through the same cell, we count only one. If the number of fake events is large and

the cell size is small, this provides fiev(Mcell) with a certain normalization. As long as we

work with lnL(M), the normalization factor Niev is irrelevant, because it only shifts the

constant term of lnL(M). We ignore cells that have fiev(Mcell) = 0 in our log-likelihood

calculation, setting lnfiev(Mcell) = 0. Finally, we sum up ln fiev(Mcell) for all combinations

of all events.
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the cell size is small, this provides fiev(Mcell) with a certain normalization. As long as we
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constant term of lnL(M). We ignore cells that have fiev(Mcell) = 0 in our log-likelihood
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MC simulation

• 3 model points are examined

m0 m1/2 A0 χ̃0
1 ẽR χ̃0

2 ũL

Point A 110 220 0 86 142 161 504

Point B 100 250 −100 99 141 186 563

Point C 140 260 0 103 174 193 592

Table 2: Parameters and mass spectra in GeV for non-CMSSM model points A, B and C. Param-
eters common to all points are m3rd gen.

0 = 300 GeV, tanβ = 10, sign(µ) = +.

is larger than the others, so that the branching ratio (1.1) is increased by suppressing

the χ̃0
2 → τ̃±1 τ∓ mode. The sparticle spectra at these points are shown in Table 2. The

generated samples of 500,000 events correspond to about 10, 15 and 20 fb−1 of integrated

luminosity, respectively.

The following cuts are applied in order to select signal events:

(i) Meff ≡
∑4

i=1 p
jet,i
T +

∑4
i=1 p

lep,i
T + Emiss

T > 400GeV ;

(ii) Emiss
T > max(200GeV, 0.2Meff ) ;

(iii) At least two jets with pjet,1T > 100GeV and pjet,2T > 50GeV within |η| < 2.5 ;

(iv) Two pairs of opposite sign same flavour leptons with pT > 20GeV and |η| < 3 ;

(v) No b jet with pT > 30GeV and |η| < 3 .

The b tagging efficiency is assumed to be 60%. In the cut (iv), we select not only

opposite-flavour lepton pairs (e+e−µ+µ−) but also the same-flavour pairs (e+e−e+e− and

µ+µ−µ+µ−) to have larger samples, although the latter have double the combinatorial

background of the former. If an event contains more than two hard jets, we take the three

hardest jets as candidates for the jets from the signal decay chains (1.1), and try all possible

combinations. The number of combinations is 8 (16) for two candidate jets and 24 (48) for

three with opposite (same) flavour lepton pairs. The numbers of events that survive the

above cuts are shown in the first row in Table 3 together with signal/background ratios

for each model point. The background is rather mixed, coming mainly from direct χ̃0
2

productions associated with squarks or gauginos as well as modes containing q̃R → χ̃0
2j,

b̃1 → χ̃0
2b and χ̃0

2 → χ̃0
1l

+l−. For model point C, the three-body decay χ̃0
2 → χ̃0

1l
+l− is

enhanced because mχ̃0
2
$ mχ̃0

1
+mZ and turns out to be the main background. Standard

Model background is expected to be negligible after the above selection cuts. According to

ref. [12], the potential background comes from tt̄ → bb̄W+W− → 4l. Based on HERWIG

6.5 simulation of this process, we confirmed that it is indeed negligible after cuts.

If the detector and jet properties are well understood, from the observed jet momentum,

pjet, we may stochastically estimate the original parton momentum, ppar, with a gaussian

distribution ε(ppar|pjet). In this situation, we can built a confidence region in the (M1, M2,

M3) space [4]. For each signal event combination, iev, a probability density function may

be constructed as

fiev(M) =
1

Niev

∫

dppar1 dppar2 ε(ppar1 |pjet1 )ε(ppar2 |pjet2 )δ(p24 −m2
N )δ(p28 −m2

N ), (3.2)
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m3rd gene.
0 = 300 GeV

to forbid χ̃0
2 → τ̃1τ → χ̃0

1τ
+τ−

• 500,000 inclusive SUSY events are generated by Herwig, corresponding 
to 10, 15 and 20 fb-1 for Points A, B and C, respectively.  

• Effects of SUSY BG, hadronisation, parton shower, underlying events 
and detector resolution (AcerDET) are included

• The parameter space is divided into cells:  

χ̃0
1 ẽR χ̃0

2 ũL

Point A 68.2+16.2
−5.8 127.9+12.6

−4.2 146.1+13.0
−4.4 493.8+11.5

−3.8

Point B 94.5+8.5
−2.8 137.2+9.1

−3.1 181.7+8.5
−2.8 561.7+9.4

−3.1

Point C 95.6+5.1
−5.3 167.4+3.9

−3.9 186.1+4.0
−4.0 593.4+3.4

−3.4

Table 4: Estimated sparticle masses with their errors in GeV.

In the following analysis, we generate 1000 Monte Carlo fake events for each event.

For the smearing of jets and the missing transverse momentum, we use gaussian functions

with the following standard deviations, obtained by parametrizing the AcerDET results:

σE
E

=
0.5√
E

+ 0.03, σφ =
0.4√
E

+ 0.015, ση =
0.3√
E

+ 0.02, (3.5)

for jets and

σE
E

=
0.5√
E

+ 0.03, σφ =
0.8√
E

+ 0.06, (3.6)

for the missing transverse momentum. We do not smear the lepton momenta because

mismeasurement of lepton momenta is negligible compared to the jet smearing.

Figure 4 shows the ∆χ2(M) distribution obtained by the above procedure for each

model point. The cell size is ∆M1 = 5000, ∆M2 = 400, ∆M3 = 600 in GeV2. The

distribution has only one sharp minimum, which is close to the TMP, as can be seen in

Table 3. Backgrounds from wrong combinations and different decay chains do not produce

local minima at other places, and the effect of those backgrounds may be less significant

around the true mass point.

The second row in Table 3 shows how many different events share the best-fit cell;

the signal/background ratios in that cell are also shown in parentheses. The ratios are

improved significantly. For each model point the ratio is about twice that for the whole

sample.

In the third to fifth row of Table 3, we show the central values of the best-fit cells

compared to the TMP at each model point. As can be seen, the best-fit points are slightly

biased towards lower masses. This may result from the following systematic errors in the

present analysis. First, the AcerDET jets that we use are defined as massless, whereas

the 4-momenta defined by ppar = p(q̃) − p(χ̃0
2) have masses of around 10-100 GeV after

fragmentation and hadronization. Second, we have parametrized the probability distribu-

tions of parton momenta by gaussian functions. However, the difference between a parton

momentum in the event record and the AcerDET jet momentum deviates slightly from a

gaussian distribution, due to the underlying event, hadronization effects and high-pT gluon

emission from the original parton. A better jet algorithm with jet masses and a more

refined parametrization will be needed to reduce these systematic errors.

Table 4 shows the sparticle masses estimated from our analysis. The errors are obtained

from 1σ regions assuming the errors in M1, M2 and M3 are uncorrelated, where the 1σ

region is defined by ∆χ2 < 3.53. We neglect the error from the mismeasurement of the

dilepton endpoint because of its expected good accuracy. The 1σ errors at Point C are
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Cut

• The following cuts have been applied to reduce BG

m0 m1/2 A0 χ̃0
1 ẽR χ̃0

2 ũL

Point A 110 220 0 86 142 161 504
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Point C 140 260 0 103 174 193 592

Table 2: Parameters and mass spectra in GeV for non-CMSSM model points A, B and C. Param-
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0 = 300 GeV, tanβ = 10, sign(µ) = +.

is larger than the others, so that the branching ratio (1.1) is increased by suppressing

the χ̃0
2 → τ̃±1 τ∓ mode. The sparticle spectra at these points are shown in Table 2. The

generated samples of 500,000 events correspond to about 10, 15 and 20 fb−1 of integrated

luminosity, respectively.

The following cuts are applied in order to select signal events:

(i) Meff ≡
∑4

i=1 p
jet,i
T +
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lep,i
T + Emiss

T > 400GeV ;

(ii) Emiss
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(iii) At least two jets with pjet,1T > 100GeV and pjet,2T > 50GeV within |η| < 2.5 ;

(iv) Two pairs of opposite sign same flavour leptons with pT > 20GeV and |η| < 3 ;

(v) No b jet with pT > 30GeV and |η| < 3 .

The b tagging efficiency is assumed to be 60%. In the cut (iv), we select not only

opposite-flavour lepton pairs (e+e−µ+µ−) but also the same-flavour pairs (e+e−e+e− and

µ+µ−µ+µ−) to have larger samples, although the latter have double the combinatorial

background of the former. If an event contains more than two hard jets, we take the three

hardest jets as candidates for the jets from the signal decay chains (1.1), and try all possible

combinations. The number of combinations is 8 (16) for two candidate jets and 24 (48) for

three with opposite (same) flavour lepton pairs. The numbers of events that survive the

above cuts are shown in the first row in Table 3 together with signal/background ratios

for each model point. The background is rather mixed, coming mainly from direct χ̃0
2

productions associated with squarks or gauginos as well as modes containing q̃R → χ̃0
2j,

b̃1 → χ̃0
2b and χ̃0

2 → χ̃0
1l

+l−. For model point C, the three-body decay χ̃0
2 → χ̃0

1l
+l− is

enhanced because mχ̃0
2
$ mχ̃0

1
+mZ and turns out to be the main background. Standard

Model background is expected to be negligible after the above selection cuts. According to

ref. [12], the potential background comes from tt̄ → bb̄W+W− → 4l. Based on HERWIG

6.5 simulation of this process, we confirmed that it is indeed negligible after cuts.

If the detector and jet properties are well understood, from the observed jet momentum,

pjet, we may stochastically estimate the original parton momentum, ppar, with a gaussian

distribution ε(ppar|pjet). In this situation, we can built a confidence region in the (M1, M2,

M3) space [4]. For each signal event combination, iev, a probability density function may

be constructed as

fiev(M) =
1

Niev

∫

dppar1 dppar2 ε(ppar1 |pjet1 )ε(ppar2 |pjet2 )δ(p24 −m2
N )δ(p28 −m2

N ), (3.2)
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• The main SM-BG is                                                     .tt̄→ bb̄W+W− → 2l+2l−2j + Emiss
T

It is negligible after the cut.  (about 10% of SUSY-BG)
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Point A Point B Point C

Events (S/B) 326 (4.2) 499 (4.5) 292 (2.8)

Sharing (S/B) 219 (8.1) 341 (9.7) 172 (4.9)

M1 (True ; Best) 231890 ; 222500 286157 ; 282500 316274 ; 317500

M2 (True ; Best) 5624 ; 5000 14520 ; 14200 6815 ; 6600

M3 (True ; Best) 12872 ; 11700 10293 ; 9900 19812 ; 18900

Table 3: First row: number of events (signal/background) after cuts. Second row: number of
events that contribute to the best-fit cell in the ∆χ2 distribution. Third to fifth rows: true mass
and the central value of the best-fit cell in GeV2.

(A) (B) (C)

Figure 4: Distribution of ∆χ2(M) for each model point at detector level. The true mass point is
at the intersection of the three dashed lines.

where p4, p8 and mN are the functions of M and ppar1,2 given in section 2, and Niev is a

normalization factor. Given N event-combinations, log-likelihood and ∆χ2 functions are

obtained as

lnL(M) =
N
∑

iev

ln fiev(M) (3.3)

and

∆χ2(M) = 2(lnL(M)max − lnL(M)), (3.4)

respectively, where lnL(M)max is the maximum value of lnL(M) in the space M.

We calculate lnL(M) approximately by the following procedure. For each event, we

generate Monte Carlo “fake” events whose jet momenta are shifted from the original ones

according to the probability distribution ε(ppar|pjet). The parameter space M is divided

into cells. For each cell, we count the number of fake events for which the solution curves

go through that cell. If different combinations of the same event yield two or more curves

passing through the same cell, we count only one. If the number of fake events is large and

the cell size is small, this provides fiev(Mcell) with a certain normalization. As long as we

work with lnL(M), the normalization factor Niev is irrelevant, because it only shifts the

constant term of lnL(M). We ignore cells that have fiev(Mcell) = 0 in our log-likelihood

calculation, setting lnfiev(Mcell) = 0. Finally, we sum up ln fiev(Mcell) for all combinations

of all events.
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In the following analysis, we generate 1000 Monte Carlo fake events for each event.
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with the following standard deviations, obtained by parametrizing the AcerDET results:
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for the missing transverse momentum. We do not smear the lepton momenta because

mismeasurement of lepton momenta is negligible compared to the jet smearing.
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distribution has only one sharp minimum, which is close to the TMP, as can be seen in
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local minima at other places, and the effect of those backgrounds may be less significant

around the true mass point.

The second row in Table 3 shows how many different events share the best-fit cell;

the signal/background ratios in that cell are also shown in parentheses. The ratios are

improved significantly. For each model point the ratio is about twice that for the whole

sample.

In the third to fifth row of Table 3, we show the central values of the best-fit cells

compared to the TMP at each model point. As can be seen, the best-fit points are slightly

biased towards lower masses. This may result from the following systematic errors in the

present analysis. First, the AcerDET jets that we use are defined as massless, whereas

the 4-momenta defined by ppar = p(q̃) − p(χ̃0
2) have masses of around 10-100 GeV after

fragmentation and hadronization. Second, we have parametrized the probability distribu-

tions of parton momenta by gaussian functions. However, the difference between a parton

momentum in the event record and the AcerDET jet momentum deviates slightly from a

gaussian distribution, due to the underlying event, hadronization effects and high-pT gluon

emission from the original parton. A better jet algorithm with jet masses and a more

refined parametrization will be needed to reduce these systematic errors.

Table 4 shows the sparticle masses estimated from our analysis. The errors are obtained

from 1σ regions assuming the errors in M1, M2 and M3 are uncorrelated, where the 1σ

region is defined by ∆χ2 < 3.53. We neglect the error from the mismeasurement of the

dilepton endpoint because of its expected good accuracy. The 1σ errors at Point C are
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is larger than the others, so that the branching ratio (1.1) is increased by suppressing

the χ̃0
2 → τ̃±1 τ∓ mode. The sparticle spectra at these points are shown in Table 2. The

generated samples of 500,000 events correspond to about 10, 15 and 20 fb−1 of integrated

luminosity, respectively.

The following cuts are applied in order to select signal events:

(i) Meff ≡
∑4

i=1 p
jet,i
T +

∑4
i=1 p

lep,i
T + Emiss

T > 400GeV ;

(ii) Emiss
T > max(200GeV, 0.2Meff ) ;

(iii) At least two jets with pjet,1T > 100GeV and pjet,2T > 50GeV within |η| < 2.5 ;

(iv) Two pairs of opposite sign same flavour leptons with pT > 20GeV and |η| < 3 ;

(v) No b jet with pT > 30GeV and |η| < 3 .

The b tagging efficiency is assumed to be 60%. In the cut (iv), we select not only

opposite-flavour lepton pairs (e+e−µ+µ−) but also the same-flavour pairs (e+e−e+e− and

µ+µ−µ+µ−) to have larger samples, although the latter have double the combinatorial

background of the former. If an event contains more than two hard jets, we take the three

hardest jets as candidates for the jets from the signal decay chains (1.1), and try all possible

combinations. The number of combinations is 8 (16) for two candidate jets and 24 (48) for

three with opposite (same) flavour lepton pairs. The numbers of events that survive the

above cuts are shown in the first row in Table 3 together with signal/background ratios

for each model point. The background is rather mixed, coming mainly from direct χ̃0
2

productions associated with squarks or gauginos as well as modes containing q̃R → χ̃0
2j,

b̃1 → χ̃0
2b and χ̃0

2 → χ̃0
1l

+l−. For model point C, the three-body decay χ̃0
2 → χ̃0

1l
+l− is

enhanced because mχ̃0
2
$ mχ̃0

1
+mZ and turns out to be the main background. Standard

Model background is expected to be negligible after the above selection cuts. According to

ref. [12], the potential background comes from tt̄ → bb̄W+W− → 4l. Based on HERWIG

6.5 simulation of this process, we confirmed that it is indeed negligible after cuts.

If the detector and jet properties are well understood, from the observed jet momentum,

pjet, we may stochastically estimate the original parton momentum, ppar, with a gaussian

distribution ε(ppar|pjet). In this situation, we can built a confidence region in the (M1, M2,

M3) space [4]. For each signal event combination, iev, a probability density function may

be constructed as

fiev(M) =
1

Niev

∫

dppar1 dppar2 ε(ppar1 |pjet1 )ε(ppar2 |pjet2 )δ(p24 −m2
N )δ(p28 −m2

N ), (3.2)

– 7 –

m0 m1/2 A0 χ̃0
1 ẽR χ̃0

2 ũL

Point A 110 220 0 86 142 161 504
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Under constrained decay chains

1′

12

2′

A

A′

B

B′

C

C′

• For short decay chains, unknown parameters 
(masses and pA, pA’) are not solvable, because of 
lack of mass shell constraints. 

px(y)
Tmiss = px(y)

A + px(y)
A′

m2
B = (p1 + pA)2

m2
C = (p2 + p1 + pA)2

m2
A = (pA)2

+ [ for pA’ ]

‐‐ Constraints ‐‐

• If one scans whole possible values of pA and pA’ compatible with 
pTmiss constraints, one can get allowed and excluded regions for each 
masses. 

H-C.Cheng, J.F.Gunion, Z.Han, G.Marandella, B.McElrath ’07



Under constrained decay chains

• The regions are obtained event by event.

mC −mB

mC

event 1
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Under constrained decay chains
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event 2
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• Event by event allowed region
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• Event by event allowed region



Under constrained decay chains
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event 3

event 2

event 1
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We can combine all arrowed regions and obtain best 
constraint on the mass space.
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Under constrained decay chains
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Figure 3: Mass region (in GeV) that can solve all events for the input masses

{mY ,mX ,mN} = {246.6, 128.4, 85.3} GeV using 500 events.

for the locations of the muons in the decay chains. Wrong assignments will add more
complication; this will be discussed in Sec. 4. With correct assignments, and because of

our narrow-width and no-smearing assumptions, the correct masses MA will result in
at least one real !pN and !pN ′ solution for all events and is included in the allowed region.
In all three 2-dimensional projections, the entire allowed region is a strip with mY and

mX close to the correct values, but mN left undetermined except for an upper bound.
A lower bound is sometimes present and can be caused by the presence of events in

which the system (Fig. 2) has a large amount of transverse momentum. The upper
bound for mN generally materializes using fewer events than does the lower bound. By

examining the figures one can see that the upper bound for mN is actually close to the
correct mN ; more generally, MA is located near the tip of the cigar shape of acceptable
choices in M-space.

An intuitive understanding of why it is that the correct mass set MA is located at
an end point can be garnered from Fig. 4. Any point in the mass space on the left-hand
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Shortest decay chains and mT2

B′

B

A′

A

v

v′

m2
A = (pA)2

px(y)
Tmiss = px(y)

A + px(y)
A′

m2
B = (pv + pA)2

+ [ for pA’ ]

‐‐ Constraints ‐‐

• One can get only mA dependent lower bound on mB, by scanning whole 
possible values of pA and pA’ compatible with pTmiss constraints.  This 
lower bound is known as mT2 variable. 

H-C.Cheng, Z.Han ’08

C.G.Lester, D.J.Summers '99mB ≥ mT2(mA)

pmiss = pA + pA′
= min

pA,pA′

[
max

{
mB(pv, pA), mB(pv′ , pA)

}]∣∣∣



mT2(mχ̃)

mT2 distribution
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More constraints

LQ

LQ

b

t

τ

ντ

ντ

τ -jet} ντ is collimated to τ-jet

constrained by τ-jet direction

• If we have extra information on missing momenta or masses,
we can easily incorporate it as constraints in scanning.  Then we 
can get a better lower bound on the mass.

e.g.

Mmin ≡ min[max{mtτ , mbν}]
∣∣∣pmiss = pν + pν

pντ ∝ pτ jet≤

pmiss = pν + pν

pντ ∝ pτ jet , mbν = mtτMbal
min ≡ min[mbν ]

∣∣∣≤

MT2

pντ = Eντ (1, sin θ cosφ, sin θ sinφ, cos θ)

B.Gripaios, A.Papaefstathiou, K.S, B.Webber '10



Figure 8: Parton level distributions of Mbal
min (left), Mmin (centre) and MT2 (right) for

(bν)(tτ) (solid curve) and (tν)(bτ) (dashed curve).

Figure 9: Parton level distributions of Mbal
min − Mmin (left) and Mmin − MT2 (right) for

(bν)(tτ) (solid curve) and (tν)(bτ) (dashed curve)

3.4.3 Experimental reconstruction

The settings for experimental reconstruction used for the Delphes fast simulation
remain unaltered in the present analysis (see Section 3.1). We apply the following

event selection cuts to the full S0S̄0 signal and the tt̄ background:

• at least four jets found in each event.

• exactly one τ -tagged jet with pT > 120 GeV.

• no, one or two b-tagged jets with pT > 60 GeV.

• missing transverse energy, /ET > 200 GeV.

For the b-jet originating from the leptoquark decay, we choose the highest-pT b-tagged

jet when there are two b-tagged jets and the highest-pT jet (excluding the τ -tagged
jet) when there are no b-tagged jets. We use all the remaining jets with pT > 30 GeV,
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Third generation Leptoquark

B.Gripaios, A.Papaefstathiou, K.S, B.Webber '10

MT2MminMbal
min

• 1000 events of leptoquark pair production with MLQ = 400 GeV

• solid line:                                   dashed line: LQ LQ→ b̄ν̄tτ (∗) LQ LQ→ tνb̄τ (∗)

• parton level



For early stage of the LHC

supersymmetry



• low energy 7 TeV,  low luminosity L～1 fb-1.

• do “inclusive” analysis

Inclusive analysis
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Figure 2: (1a)−(1d): MT2 distributions. (2a)−(2d): Distributions on a (MT2(mχ̃0
1
),

sign(−β2
12)

√

|β2
12|) plane. (3a)−(3d): Distributions on a (MT2(mχ̃0

1
), sign(−β2

12)
√

|β2
12|)

plane. (4b)−(4d): Distributions on a (2Nwrong/Nparton, sign(−β2
12)

√

|β2
12|) plane. The cor-

rect, random, MTGen and hemisphere assignments are adopted in figures (ia), (ib), (ic) and (id),
respectively, where i = 1− 4. We generate 6× 104 events at Point 5 with 7 TeV proton centre of
mass energy.

in addition, we also define

4. N jets(parton)
pT>50GeV ≥ 4 (“4 jet cut”), or N jets(parton)

pT>200GeV ≥ 2 (“2 jet cut”),

for section 5.
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Hemisphere algorithm

q̃

q̃
p p

F.Moortgat, L.Pape ’06

} decay products from the same 
squark may have small angle

Algorithm:

1. take two seeds. 
seed 1 = highest pT object, 
seed 2 = object i with largest pT×ΔR(1,i)  

2. if d(1,i) < d(2,i) for object i, put i into 
hemisphere 1.  Same for hemisphere 2.  

3. define phemi(i) as the momentum sum of all 
object assigned in hemisphere i.    

4. Repeat 2 and 3 until converge.   
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to define vi. It is defined as follows;

1. Take two jets as the first seeds of the two hemisphere H1 and H2, J1 ∈ H1 and

J2 ∈ H2: J1 is the highest pT jet, and J2 is the jet (i) whose pTi × ∆R(p(J1), p(i))

is the largest in the event.

2. Associate the other jets to the one of the hemispheres based on a distance measure

d, so that jk belongs to Hi(i = 1, 2) if d(i, k) < d(j, k). Here d is defined as

d(p(i)
hemi, pk) = (E(i)

hemi − |p(i)
hemi| cos θik)

E(i)
hemi

(E(i)
hemi + Ek)2

. (4)

3. Take the sum of the jet momenta that belong to Hi and regard it as a new seed.

Repeat the processes 2 and 3, while keeping the first seeds J1 and J2 in the different

hemispheres, till the assignment converges.

After defining the hemisphere, we define the inclusive MT2 using pvi =
∑

k∈Hi
pk. In this

paper we only use jets with pT >50GeV and |η| <2.5.

Alternatively, it was proposed to use MTGen which is the minimum of the MT2s for

all choices of jet combinations [18]

MTGen ≡ min
1≤α≤2n−1−1

MT2(pHα
i
, pHα

j
, pmiss

T , mχ) (5)

where α denotes a possible combination to split jets into two groups Hα
1 and Hα

2 , and

minimization is taken over all possible 2n−1 − 1 combinations. Furthermore, pHα
i

=
∑

k∈Hα
i

pk and n is the number of visible objects. If all jets and leptons are decay products

of A1 and A2, MTGen ≤ max{mA1 , mA2}.
At hadron collision, there are also particles coming from ISR in addition to those

from sparticle decays. Transverse momentum of the ISR jet can be as large as those from

squark and gluiino decays. The ISR jets in the visible systems v1 and v2 smear the MT2

endpoint significantly.

In Ref. [27] a new definition of MT2 that reduce ISR effect is defined, and mass

determination based on the quantity is demonstrated for a pp → g̃g̃X process followed by

a gluino decay g̃ → jjχ0
1, where X is a ISR partons. The ISR improved MT2, MT2(min),

is defined as follows;

1. Calculate MT2(i) which is a MT2 calculated with a given grouping procedure but

without involving the i-th jet in pT order. In this paper, we take hemisphere algo-

rithm after removing the i-th jet for the grouping.

2. Take the minimum of the MT2(i) over the certain range of i,

MT2(min) ≡ min
i

MT2(i). (6)

In Ref. [27], the minimization is taken up to the fifth jet and MT2 is calculated by 4 jets
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2

For demonstration purposes, we focus in this paper
on the study of gluino pair production. For simplicity
we force the gluinos to decay into uūχ̃0

1. In this con-
text, the exclusive sample is events with four partons
+ 2 LSP at parton level, and the inclusive sample is
events with five partons + 2 LSP. Squark masses are
taken to be high enough so that their production can be
ignored. We take an MSSM point with mg̃ = 685 GeV
and mq̃ = 1426 GeV, and mχ̃0

1
= 101.7 GeV. We gen-

erate 1.21 × 105 events. After removing squark gluino
associated production (where an on shell squark decays
into g̃q to generate the g̃g̃q final state), 1.07× 105 events
remains. The cross section is 2.5 pb, so the number of
generated events corresponds to 40 fb−1.

The generated events are then simulated by the toy de-
tector simulator AcerDET [10] with the jet reconstruc-
tion tool Fastjet [11]. In AcerDET, the phase space is
divided into cells with (∆η, ∆φ) = (0.1, 0.1), and the mo-
menta of hadrons, electrons, and photons passing within
one cell are summed to imitate the energy deposit in a
calorimeter cell. The cell energy deposits are interfaced
to Fastjet for jet reconstruction as massless particle mo-
menta. The momenta of the reconstructed jets are then
smeared as psmear = (1+δ)pjet, with the energy resolution
δ = 0.5(1)/

√

Ejet assumed in the barrel(forward) direc-
tion with |η| < (>)3.2. We use the Cambridge-Achen
algorithm with R = 0.4 in this paper.1 The missing
pT was calculated from the reconstructed objects after
smearing.

In Fig. 1 a), we show the MT2 distribution calculated
using the four hardest jets. The MT2 observable is cal-
culated from two visible momenta pvis

1 , pvis
2 , a test LSP

mass mtest
χ , and test LSP momenta p1χ and p2χ satisfying

the constraint p1χ + p2χ = pmiss
T as follows,

MT2 = min
pT
1χ

+pT
2χ

=pT
miss

[

max
(

MT (pvis
1 , pT

1χ, mtest
χ ), MT (pvis

2 , pT
2χ, mtest

χ

)]

.
(1)

If both pvis
1 and pvis

2 are the momenta of the sum of a
visible gluino decay products and mtest

χ is taken as the
LSP mass, the MT2 endpoint should coincide with mg̃.
It has also recently been pointed out that the MT2 end
point, taken as a function of the test mass mtest

χ , shows a
kink at the true LSP mass. Therefore, the LSP mass and
gluino mass can be determined simultaniously. These
ideas have got significant attention in the literature, and
various extensions are beeing studied.

Experimentally, we cannot know from which parent
particle a jet arises. In Fig. 1 a), we have defined pvis as
follows:

1 In principle, the jet resolution should depend on the reconstruc-
tion algorithm and R. In addition, energy smearing and momen-
tum smearing may not be the same. The smearing we introduced
in this work is only for illustrative purposes.

FIG. 1: a) (left) The mT2 distribution calculated from the
four highest pT jets, using all events. b) (right) The MT2

distribution of events with exactly 4 jets with pT > 50 GeV.

1. We first take the two highest pT jet momenta p1

and p2 as seeds.

2. We then calculate MT2 for the combinations 1)
(pvis

1 , pvis
2 ) = (p1 + p3, p2 + p4) and 2) (p1 +

p4, p2 + p3) giving M1(2)
T2 and take the minimum,

MT2 = min(M1
T2, M

2
T2).

In the Fig. 1 a) we show the MT2 distribution of the
four highest pT jets paired as above for the events with
n50 = (number of jets with pT > 50 GeV) ≥ 4 as the
solid line. The distribution does not show a clear end
point. This is due to the effects of the initial state ra-
diation. To show this, we plot the distributions of the
exclusive and inclusive samples separately in the same
figure. A dashed line shows the distribution of exclusive
events, i.e., events in the matched sample which have
no resolvable QCD radiation above 60 GeV (4-parton
events). The dotted line shows the distribution for the
inclusive sample, i.e., the contribution from five parton
events. The exclusive sample has an end point at the cor-
rect gluino mass, since it does not contain hard additional
jet activity besides that coming from gluino decays. The
ratio N(5 parton)/N(4 parton) is here 1.4. The fraction
of the events with additional partons after the matching
is larger for gluino pair production compared with squark
pair production. For example, at the SPS 1a point, where
the gluino mass is 595 GeV and squark mass is around
530 GeV, The ratio N(X̃X̃j)/N(X̃X̃) is 1.47 for X = g̃
and 0.81 for X = Q̃ (= ũ, d̃, c̃, s̃ and its charge conju-
gates) for a 60 GeV jet resolution scale.

There are several reasons why the smearing of the end
point due to initial state radiation is here relatively large.
In the simulation, the gluino is forced to decay into a
three body final state. The typical pT of the partons
from gluino decay is therefore ∼ mg̃/3. On the other
hand, the pT of the initial state radiation is not small,
in average O(100) GeV, because the produced gluino is
heavy. The pT distribution is shown in Fig. 2 a). The
pT of the additional parton is large in average, and often
larger than one of the partons from gluino decay, as can
be seen in Fig. 2 b) where the position of of the initial

ISR and gluino mass

g̃
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hard ISR

p p

mg̃ = 865 GeVtotal

• In gluino mass measurement, mT2 distribu*on is contaminated by a hard 
jet from ini*al state radia*on (ISR).   
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Figure 4: Left; mT2(min) distributions in parton level. Right; mmod
T2 (min) distributions in parton

level. Red-solid, -dashed, Blue-solid, -dashed and -dotted distributions correspond to Points 1, 2,
3, 4 and 5, respectively. We generate 60000 events at 14TeV.

Figure 5: Schematic picture depicting decay patterns for various mass spectra. A, B, C and D
correspond tomq̃ ! mg̃, mq̃ > (mt̃1+mt) > mg̃, mq̃ > mg̃ > (mt̃1+mt) andmg̃ > mq̃, respectively.
Red and blue triangles represent jets from squark and gluino decays, respectively. Dashed arrows
represent the decays are not main modes.

and 651GeV, respectively. On the other hand, for Points 1 and 2, the endpoints of the

distributions are about 100− 200GeV smaller than the input gluino masses.

The difference in the distributions at Points 1, 2 and those at Points 3, 4, 5 comes from

the ordering on the gluino masses. Fig. 5 shows various mass spectra and corresponding

decay patterns. Points 5 and 3, 4 correspond to types A and B in Fig. 5, respectively. A

squark dominantly decays to jg̃, and a gluino decays to jjχ̃i in the region. Although there

is a large mass hierarchy between gluino and weak gauginos, pT of jets from the gluino

decay are relatively mild because of the three body decay. Consequently, the events tend

to have multiple jets with modest pT .

On the other hand, mass spectra at Points 1 and 2 correspond to type D in Fig. 5. A

squark decays to two body final state jχ̃i producing a high pT jet for the mass spectrum.
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Point 1’ 2’ 3’ 4’ 5’
m0(GeV) 100 200 420 550 700
M1/2 210 210 210 210 210
mg̃ 522 528 541 550 558
mũL

478 508 619 708 825
mũR

466 496 611 702 820
σSUSY(14TeV) in pb 88.7 90.1 44.8 31.4 23.2
σSUSY(7TeV) in pb 10.9 10.8 4.59 3.12 2.60

σ(g̃q̃)/σSUSY at 14TeV 0.52 0.46 0.49 0.48 0.45
σ(g̃g̃)/σSUSY at 14TeV 0.14 0.14 0.21 0.28 0.37
σ(q̃q̃)/σSUSY at 14TeV 0.21 0.18 0.15 0.12 0.08

Br(ũL → g̃) 0 0 0.26 0.48 0.56
Br(ũR → g̃) 0 0 0.60 0.82 0.87

Point 1 2 3 4 5
m0 100 250 500 650 750
M1/2 250 250 250 250 250
mg̃ 612 620 636 646 651
mũL

560 602 734 837 913
mũR

544 589 724 828 906
σSUSY(14TeV) in pb 38.1 30.5 17.7 12.8 10.6
σSUSY(7TeV) in pb 4.2 3.1 1.7 1.2 1.1

σ(g̃q̃)/σSUSY at 14TeV 0.47 0.48 0.46 0.43 0.39
σ(g̃g̃)/σSUSY at 14TeV 0.11 0.12 0.18 0.22 0.25
σ(q̃q̃)/σSUSY at 14TeV 0.22 0.21 0.16 0.12 0.0 9

Br(ũL → g̃) 0 0 0.249 0.469 0.611
Br(ũR → g̃) 0 0 0.582 0.813 0.891

Table 1: Masses and important branching ratios in some CMSSM points. Points 1 − 5 for fixed
gaugino mass M1/2 = 250GeV, Points 1’ − 5’ for M1/2 = 210GeV. Mass spectrum are calculated
by ISASUSY [50] and cross sections are calculated by HERWIG [47–49].

distribution mjll, mjl(min), mjl(max), mll can be used to determine the all sparticles

masses involved in the decay. However, branching ratios of favorable modes such as jll

are generally small, and they may not be useful in the early stage of the experiments.

Therefore it is important to find inclusive quantities sensitive to squark and gluino masses

so that one can use the most of the signal events at the LHC.

Typical energy scale of sparticle production processes may be estimated from the

“effective mass”,

Meff ≡
∑

i

|pT i|+ Emiss
T , (2.1)

where in this paper the sum is taken for the jets with pT > 50GeV and η <2.5. A peak

value of the Meff distribution is correlated with squark and gluino masses, although the

relation is rather qualitative [54].
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mũL

478 508 619 708 825
mũR
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Figure 4: Left; mT2(min) distributions in parton level. Right; mmod
T2 (min) distributions in parton

level. Red-solid, -dashed, Blue-solid, -dashed and -dotted distributions correspond to Points 1, 2,
3, 4 and 5, respectively. We generate 60000 events at 14TeV.

Figure 5: Schematic picture depicting decay patterns for various mass spectra. A, B, C and D
correspond tomq̃ ! mg̃, mq̃ > (mt̃1+mt) > mg̃, mq̃ > mg̃ > (mt̃1+mt) andmg̃ > mq̃, respectively.
Red and blue triangles represent jets from squark and gluino decays, respectively. Dashed arrows
represent the decays are not main modes.

and 651GeV, respectively. On the other hand, for Points 1 and 2, the endpoints of the

distributions are about 100− 200GeV smaller than the input gluino masses.

The difference in the distributions at Points 1, 2 and those at Points 3, 4, 5 comes from

the ordering on the gluino masses. Fig. 5 shows various mass spectra and corresponding

decay patterns. Points 5 and 3, 4 correspond to types A and B in Fig. 5, respectively. A

squark dominantly decays to jg̃, and a gluino decays to jjχ̃i in the region. Although there

is a large mass hierarchy between gluino and weak gauginos, pT of jets from the gluino

decay are relatively mild because of the three body decay. Consequently, the events tend

to have multiple jets with modest pT .

On the other hand, mass spectra at Points 1 and 2 correspond to type D in Fig. 5. A

squark decays to two body final state jχ̃i producing a high pT jet for the mass spectrum.
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Point 1’ 2’ 3’ 4’ 5’
m0(GeV) 100 200 420 550 700
M1/2 210 210 210 210 210
mg̃ 522 528 541 550 558
mũL

478 508 619 708 825
mũR

466 496 611 702 820
σSUSY(14TeV) in pb 88.7 90.1 44.8 31.4 23.2
σSUSY(7TeV) in pb 10.9 10.8 4.59 3.12 2.60

σ(g̃q̃)/σSUSY at 14TeV 0.52 0.46 0.49 0.48 0.45
σ(g̃g̃)/σSUSY at 14TeV 0.14 0.14 0.21 0.28 0.37
σ(q̃q̃)/σSUSY at 14TeV 0.21 0.18 0.15 0.12 0.08

Br(ũL → g̃) 0 0 0.26 0.48 0.56
Br(ũR → g̃) 0 0 0.60 0.82 0.87

Point 1 2 3 4 5
m0 100 250 500 650 750
M1/2 250 250 250 250 250
mg̃ 612 620 636 646 651
mũL

560 602 734 837 913
mũR

544 589 724 828 906
σSUSY(14TeV) in pb 38.1 30.5 17.7 12.8 10.6
σSUSY(7TeV) in pb 4.2 3.1 1.7 1.2 1.1

σ(g̃q̃)/σSUSY at 14TeV 0.47 0.48 0.46 0.43 0.39
σ(g̃g̃)/σSUSY at 14TeV 0.11 0.12 0.18 0.22 0.25
σ(q̃q̃)/σSUSY at 14TeV 0.22 0.21 0.16 0.12 0.0 9

Br(ũL → g̃) 0 0 0.249 0.469 0.611
Br(ũR → g̃) 0 0 0.582 0.813 0.891

Table 1: Masses and important branching ratios in some CMSSM points. Points 1 − 5 for fixed
gaugino mass M1/2 = 250GeV, Points 1’ − 5’ for M1/2 = 210GeV. Mass spectrum are calculated
by ISASUSY [50] and cross sections are calculated by HERWIG [47–49].

distribution mjll, mjl(min), mjl(max), mll can be used to determine the all sparticles

masses involved in the decay. However, branching ratios of favorable modes such as jll

are generally small, and they may not be useful in the early stage of the experiments.

Therefore it is important to find inclusive quantities sensitive to squark and gluino masses

so that one can use the most of the signal events at the LHC.

Typical energy scale of sparticle production processes may be estimated from the

“effective mass”,

Meff ≡
∑

i

|pT i|+ Emiss
T , (2.1)

where in this paper the sum is taken for the jets with pT > 50GeV and η <2.5. A peak

value of the Meff distribution is correlated with squark and gluino masses, although the

relation is rather qualitative [54].
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Figure 4: Left; mT2(min) distributions in parton level. Right; mmod
T2 (min) distributions in parton

level. Red-solid, -dashed, Blue-solid, -dashed and -dotted distributions correspond to Points 1, 2,
3, 4 and 5, respectively. We generate 60000 events at 14TeV.

Figure 5: Schematic picture depicting decay patterns for various mass spectra. A, B, C and D
correspond tomq̃ ! mg̃, mq̃ > (mt̃1+mt) > mg̃, mq̃ > mg̃ > (mt̃1+mt) andmg̃ > mq̃, respectively.
Red and blue triangles represent jets from squark and gluino decays, respectively. Dashed arrows
represent the decays are not main modes.
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Point 1’ 2’ 3’ 4’ 5’
m0(GeV) 100 200 420 550 700
M1/2 210 210 210 210 210
mg̃ 522 528 541 550 558
mũL

478 508 619 708 825
mũR

466 496 611 702 820
σSUSY(14TeV) in pb 88.7 90.1 44.8 31.4 23.2
σSUSY(7TeV) in pb 10.9 10.8 4.59 3.12 2.60

σ(g̃q̃)/σSUSY at 14TeV 0.52 0.46 0.49 0.48 0.45
σ(g̃g̃)/σSUSY at 14TeV 0.14 0.14 0.21 0.28 0.37
σ(q̃q̃)/σSUSY at 14TeV 0.21 0.18 0.15 0.12 0.08

Br(ũL → g̃) 0 0 0.26 0.48 0.56
Br(ũR → g̃) 0 0 0.60 0.82 0.87

Point 1 2 3 4 5
m0 100 250 500 650 750
M1/2 250 250 250 250 250
mg̃ 612 620 636 646 651
mũL

560 602 734 837 913
mũR

544 589 724 828 906
σSUSY(14TeV) in pb 38.1 30.5 17.7 12.8 10.6
σSUSY(7TeV) in pb 4.2 3.1 1.7 1.2 1.1

σ(g̃q̃)/σSUSY at 14TeV 0.47 0.48 0.46 0.43 0.39
σ(g̃g̃)/σSUSY at 14TeV 0.11 0.12 0.18 0.22 0.25
σ(q̃q̃)/σSUSY at 14TeV 0.22 0.21 0.16 0.12 0.0 9

Br(ũL → g̃) 0 0 0.249 0.469 0.611
Br(ũR → g̃) 0 0 0.582 0.813 0.891

Table 1: Masses and important branching ratios in some CMSSM points. Points 1 − 5 for fixed
gaugino mass M1/2 = 250GeV, Points 1’ − 5’ for M1/2 = 210GeV. Mass spectrum are calculated
by ISASUSY [50] and cross sections are calculated by HERWIG [47–49].

distribution mjll, mjl(min), mjl(max), mll can be used to determine the all sparticles

masses involved in the decay. However, branching ratios of favorable modes such as jll

are generally small, and they may not be useful in the early stage of the experiments.

Therefore it is important to find inclusive quantities sensitive to squark and gluino masses

so that one can use the most of the signal events at the LHC.

Typical energy scale of sparticle production processes may be estimated from the

“effective mass”,

Meff ≡
∑

i

|pT i|+ Emiss
T , (2.1)

where in this paper the sum is taken for the jets with pT > 50GeV and η <2.5. A peak

value of the Meff distribution is correlated with squark and gluino masses, although the

relation is rather qualitative [54].
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mũL

560 602 734 837 913
mũR
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• Depending on mass spectra, mT2
min significantly underes*mates gluino mass. 

If mgl > msq, squarks decay directly to weak gauginos producing a hard 
jet.  Two highest jets often come from squark decay (not ISR) and if one 
removes one of them, mT2min significantly underestimates gluino mass. 
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Br(ũL → g̃) 0 0 0.26 0.48 0.56
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Br(ũR → g̃) 0 0 0.582 0.813 0.891

Table 1: Masses and important branching ratios in some CMSSM points. Points 1 − 5 for fixed
gaugino mass M1/2 = 250GeV, Points 1’ − 5’ for M1/2 = 210GeV. Mass spectrum are calculated
by ISASUSY [50] and cross sections are calculated by HERWIG [47–49].

distribution mjll, mjl(min), mjl(max), mll can be used to determine the all sparticles

masses involved in the decay. However, branching ratios of favorable modes such as jll

are generally small, and they may not be useful in the early stage of the experiments.

Therefore it is important to find inclusive quantities sensitive to squark and gluino masses

so that one can use the most of the signal events at the LHC.

Typical energy scale of sparticle production processes may be estimated from the

“effective mass”,

Meff ≡
∑

i

|pT i|+ Emiss
T , (2.1)

where in this paper the sum is taken for the jets with pT > 50GeV and η <2.5. A peak

value of the Meff distribution is correlated with squark and gluino masses, although the

relation is rather qualitative [54].

– 4 –

mT2min(mod) distribution
• Depending on mass spectra, mT2

min significantly underes*mates gluino mass. 

To avoid this issue, we should keep two highest jets in calculation 
of mT2min in mgl > msq spectrum.

mmin
T2 (mod) ≡ min

i!=1,2
[mT2(i)]
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Figure 4: Left; mT2(min) distributions in parton level. Right; mmod
T2 (min) distributions in parton

level. Red-solid, -dashed, Blue-solid, -dashed and -dotted distributions correspond to Points 1, 2,
3, 4 and 5, respectively. We generate 60000 events at 14TeV.

Figure 5: Schematic picture depicting decay patterns for various mass spectra. A, B, C and D
correspond tomq̃ ! mg̃, mq̃ > (mt̃1+mt) > mg̃, mq̃ > mg̃ > (mt̃1+mt) andmg̃ > mq̃, respectively.
Red and blue triangles represent jets from squark and gluino decays, respectively. Dashed arrows
represent the decays are not main modes.

and 651GeV, respectively. On the other hand, for Points 1 and 2, the endpoints of the

distributions are about 100− 200GeV smaller than the input gluino masses.

The difference in the distributions at Points 1, 2 and those at Points 3, 4, 5 comes from

the ordering on the gluino masses. Fig. 5 shows various mass spectra and corresponding

decay patterns. Points 5 and 3, 4 correspond to types A and B in Fig. 5, respectively. A

squark dominantly decays to jg̃, and a gluino decays to jjχ̃i in the region. Although there

is a large mass hierarchy between gluino and weak gauginos, pT of jets from the gluino

decay are relatively mild because of the three body decay. Consequently, the events tend

to have multiple jets with modest pT .

On the other hand, mass spectra at Points 1 and 2 correspond to type D in Fig. 5. A

squark decays to two body final state jχ̃i producing a high pT jet for the mass spectrum.
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On the other hand, mass spectra at Points 1 and 2 correspond to type D in Fig. 5. A
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Figure 5: Schematic picture depicting decay patterns for various mass spectra. A, B, C and D
correspond tomq̃ ! mg̃, mq̃ > (mt̃1+mt) > mg̃, mq̃ > mg̃ > (mt̃1+mt) andmg̃ > mq̃, respectively.
Red and blue triangles represent jets from squark and gluino decays, respectively. Dashed arrows
represent the decays are not main modes.

and 651GeV, respectively. On the other hand, for Points 1 and 2, the endpoints of the

distributions are about 100− 200GeV smaller than the input gluino masses.

The difference in the distributions at Points 1, 2 and those at Points 3, 4, 5 comes from

the ordering on the gluino masses. Fig. 5 shows various mass spectra and corresponding

decay patterns. Points 5 and 3, 4 correspond to types A and B in Fig. 5, respectively. A

squark dominantly decays to jg̃, and a gluino decays to jjχ̃i in the region. Although there

is a large mass hierarchy between gluino and weak gauginos, pT of jets from the gluino

decay are relatively mild because of the three body decay. Consequently, the events tend

to have multiple jets with modest pT .

On the other hand, mass spectra at Points 1 and 2 correspond to type D in Fig. 5. A

squark decays to two body final state jχ̃i producing a high pT jet for the mass spectrum.
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squark dominantly decays to jg̃, and a gluino decays to jjχ̃i in the region. Although there

is a large mass hierarchy between gluino and weak gauginos, pT of jets from the gluino

decay are relatively mild because of the three body decay. Consequently, the events tend

to have multiple jets with modest pT .

On the other hand, mass spectra at Points 1 and 2 correspond to type D in Fig. 5. A

squark decays to two body final state jχ̃i producing a high pT jet for the mass spectrum.
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MT2 distributions for g̃-g̃ production (purple lines). The left and right figures correspond to Points
5’ and 5, respectively. Fitting curves are also shown in the figures.

Figure 18: Mmod
T2 (min) distributions after the two jet cut (solid lines), and parton level MT2

distributions of q̃q̃ (thick dashed lines ) and g̃g̃ distributions (thin dashed lines). The left and right
figures are for Points 1’ and 1, respectively.

are negligible. TakingMmod
T2 (min) reduces the contamination of q̃-g̃ production beyond the

edge.

The jet distribution reduces very quickly near the endpoint. At Point 1’, we fit the

distribution by two linear functions. At point 1 we fit the distribution to a quadratic

function bellow the kink and a linear function beyond the kink. The obtained kink position

is at 483 (540.0) GeV at Point 1’ (1). The values are very close to the input squark masses,

and much smaller than gluino masses. Errors in the values are around 7%.

Now we show distributions at Points 3’ and 3. The squark masses is around 619
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ECM = 7 TeV,  L = 1 fb-1 
Figure 20: MT2 distributions under the 4 jet cut at

√
s = 7TeV: The distribution filled

by green (light grey) lines corresponds to Points 3’ and the one filled by blue (dark grey)
dots corresponds to Point 5’. Corresponding distributions but at 14TeV are shown by
black solid lines. We use 30000 events at each model point.

Figure 21: MT2 distributions at 7 TeV and 1 fb−1. Mmod
T2 (min) distirubtions with error

bars at Point 1’ for the 2 jet cuts (left), and the 4 jet cut (right). Solid lines show MT2

distribution under the same cut.
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At the early stage of the LHC experiment, useful discovery channels are jets + ETmiss

channel and jets+ 1 lepton + ETmiss . The luminosity is rather low, so we want to

measure sparticle nature from inclusive measurement rather than exclusive and clean

modes. While MT2 is useful kinematical variables in measuring parent SUSY partilce

masses, an inclusive definition proposed in [23] is not protected from smearing due to

ISR.

In this paper we have proposed ISR improved inclusive MT2 variables which might be
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Red and blue triangles represent jets from squark and gluino decays, respectively. Dashed arrows
represent the decays are not main modes.

and 651GeV, respectively. On the other hand, for Points 1 and 2, the endpoints of the

distributions are about 100− 200GeV smaller than the input gluino masses.

The difference in the distributions at Points 1, 2 and those at Points 3, 4, 5 comes from

the ordering on the gluino masses. Fig. 5 shows various mass spectra and corresponding

decay patterns. Points 5 and 3, 4 correspond to types A and B in Fig. 5, respectively. A

squark dominantly decays to jg̃, and a gluino decays to jjχ̃i in the region. Although there

is a large mass hierarchy between gluino and weak gauginos, pT of jets from the gluino

decay are relatively mild because of the three body decay. Consequently, the events tend

to have multiple jets with modest pT .

On the other hand, mass spectra at Points 1 and 2 correspond to type D in Fig. 5. A

squark decays to two body final state jχ̃i producing a high pT jet for the mass spectrum.
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3 Validation of hemisphere algorithm

One of the difficulties to apply MT2 distirubiton for general SUSY processes is in defining

appropriate two visible systems, v1 and v2. If v1 and v2 are originated from decays A1 and

A2, Ai → viχ̃0
1, the MT2 (We call it MT2(true).) is bounded above by max{mA1 ,mA2}.

When there are several jets and leptons in an event, it is generally difficult to find such

a “correct” assignment.

Finding the correct assignment may not be necessary to reconstruct the endpoint.

Instead, we may use a jet assignment algorithm that possesses the following properties:

(i) MT2 calculated from the algorithm does not exceed max{mA1 ,mA2} significantly,

(ii) A large number of events contribute to the endpoint region.

Fig. 2 (1a) shows the MT2(true) distribution in parton level. As can be seen, the

MT2(true) distribution has a sharp endpoint at max{mq̃,mg̃} = mq̃ " 910GeV. We

generate 60000 events at Point 5 with 7TeV proton centre of mass energy, and ISR

is not included. We apply the following “minimal cuts” to reduce the standard model

background1

1. Emiss
T > max(100 GeV, 0.2Meff),

2. Meff > 500GeV,

3. N jets(parton)
pT >100GeV ≥ 1,

in addition, we also define

4. N jets(parton)
pT >50GeV ≥ 4 (“4 jet cut”), or N jets(parton)

pT >200GeV ≥ 2 (“2 jet cut”),

for section 5.

If vi is not defined appropriately, MT2 can exceed max{mA1 ,mA2}. Fig. 2 (1b) shows

the MT2 distribution where partons are randomly assigned into v1 or v2 so that each

system has at least one constituents. We can see that the distribution has a large tail,

and the endpoint structure is not seen.

To see what kinds of events and assignments generate large MT2 values, we show distri-

butions with the random assignment on (MT2, max(mv1,mv2)) and (MT2, sign(−β2
12)

√
|β2

12|)
planes in Fig. 2 (2b) and (3b), respectively. Here, β2

12 ≡
−→
β 1 ·

−→
β 2 is an inner product be-

tween velocity vectors of A1 and A2 in the lab frame. From figure (2b), we can see that

the MT2 is linearly dependent on the heavier of mv1 and mv2. Thus, the assignments

that provide large MT2 also provide large mvi . In addition, from figure (3b) we can see

that the endpoint of the MT2 distribution increases as increasing sign(−β2
12)

√
|β2

12| from

0 to 0.8. The tail of the MT2 distribution is mainly caused by the events with large

sign(−β2
12)

√
|β2

12|. In such events, A1 and A2 are highly boosted into back-to-back.

1Recent studies adopt much higher cuts to reduce backgrounds, but they do not reduce the signal
significantly.
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Figure 4: Left; mT2(min) distributions in parton level. Right; mmod
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level. Red-solid, -dashed, Blue-solid, -dashed and -dotted distributions correspond to Points 1, 2,
3, 4 and 5, respectively. We generate 60000 events at 14TeV.

Figure 5: Schematic picture depicting decay patterns for various mass spectra. A, B, C and D
correspond tomq̃ ! mg̃, mq̃ > (mt̃1+mt) > mg̃, mq̃ > mg̃ > (mt̃1+mt) andmg̃ > mq̃, respectively.
Red and blue triangles represent jets from squark and gluino decays, respectively. Dashed arrows
represent the decays are not main modes.

and 651GeV, respectively. On the other hand, for Points 1 and 2, the endpoints of the

distributions are about 100− 200GeV smaller than the input gluino masses.

The difference in the distributions at Points 1, 2 and those at Points 3, 4, 5 comes from

the ordering on the gluino masses. Fig. 5 shows various mass spectra and corresponding

decay patterns. Points 5 and 3, 4 correspond to types A and B in Fig. 5, respectively. A

squark dominantly decays to jg̃, and a gluino decays to jjχ̃i in the region. Although there

is a large mass hierarchy between gluino and weak gauginos, pT of jets from the gluino

decay are relatively mild because of the three body decay. Consequently, the events tend

to have multiple jets with modest pT .

On the other hand, mass spectra at Points 1 and 2 correspond to type D in Fig. 5. A

squark decays to two body final state jχ̃i producing a high pT jet for the mass spectrum.
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msq > mgl

Figure 22: MT2 distributions at 7 TeV and 1 fb−1. The distributions of MT2(min) (black
bars) Mmod

T2 (min) (red bars) and MT2 (solid lines) for Point 3’ (left figure), 3 (central
figure) and 5’ (right figure).

useful to determine the squark and gluino masses separately. The modified MT2 variables

discussed in this paper are MT2(min) and Mmod
T2 (min). Endpoints of those distributions

represent squark and gluino masses as summarized in Table 5. Steps to identify sparticle

masses are shown in Fig. 11. The Mmod
T2 (min) distribution is used for determination of

gluino and squark masses for mg̃ > mq̃ case as the algorithm keeps the highest pT jets in

the hemisphere which is likely comes from squark two body decays for mq̃ ! mχ case.

Even if mg̃ <∼ mq̃, Br(q̃ → χq′) is large enough so that Mmod
T2 (min) is useful to determine

mq̃. On the other hand, MT2(min) is important to determine mg̃ when mg̃ < mq̃ and the

decay of g̃ is three body so that there are no dominant jets in the cascade decay.

Errors in mass determination which we have obtained from the endpoint fits are

typically 6 − 10% for 60000 generated SUSY events. On the other hand, we expect

4000 (1000) events at 7 TeV and
∫
Ldt = 1 fb−1 and 380000 (10000) events at 14TeV

and
∫
Ldt = 10 fb−1 at Point 1 (5). Therefore, the model points with different gluino

mass in Table 1 can be clearly separated using the MT2(min) or Mmod
T2 (min) endpoints.

We may identify an unique point in the squark and gluino mass parameter space up to

the LSP mass uncertainty. This is very important meaning, because squark and gluino

production crosss section is controlled by the masses up to small chargino and neutralino

exchange contributions. We can cross check the predicted cross section to the observed

number of events. In addition, the expected cross section would be significantly different

if we change spin of the produced particles from scalar to fermion as is expected in Little

Higgs models with T partity for example. Determination of the mass and decay pattern

allows us to exclude/prove such models as well.

There exist certain systematical errors through decay patterns of the SUSY parti-

cles. In this paper, we study the mass spectrum that can be obtained in CMSSM. The

procedure should be modified if mass hierarchies are significantly different from those in

CMSSM. For example when wino or bino mass is much close to the squark mass, while

28

mg̃ mq̃

mmin
T2 , mT2

mgluino :

msquark :

mmin
T2

mT2

3 Validation of hemisphere algorithm

One of the difficulties to apply MT2 distirubiton for general SUSY processes is in defining

appropriate two visible systems, v1 and v2. If v1 and v2 are originated from decays A1 and

A2, Ai → viχ̃0
1, the MT2 (We call it MT2(true).) is bounded above by max{mA1 ,mA2}.

When there are several jets and leptons in an event, it is generally difficult to find such

a “correct” assignment.

Finding the correct assignment may not be necessary to reconstruct the endpoint.

Instead, we may use a jet assignment algorithm that possesses the following properties:

(i) MT2 calculated from the algorithm does not exceed max{mA1 ,mA2} significantly,

(ii) A large number of events contribute to the endpoint region.

Fig. 2 (1a) shows the MT2(true) distribution in parton level. As can be seen, the

MT2(true) distribution has a sharp endpoint at max{mq̃,mg̃} = mq̃ " 910GeV. We

generate 60000 events at Point 5 with 7TeV proton centre of mass energy, and ISR

is not included. We apply the following “minimal cuts” to reduce the standard model

background1

1. Emiss
T > max(100 GeV, 0.2Meff),

2. Meff > 500GeV,

3. N jets(parton)
pT >100GeV ≥ 1,

in addition, we also define

4. N jets(parton)
pT >50GeV ≥ 4 (“4 jet cut”), or N jets(parton)

pT >200GeV ≥ 2 (“2 jet cut”),

for section 5.

If vi is not defined appropriately, MT2 can exceed max{mA1 ,mA2}. Fig. 2 (1b) shows

the MT2 distribution where partons are randomly assigned into v1 or v2 so that each

system has at least one constituents. We can see that the distribution has a large tail,

and the endpoint structure is not seen.

To see what kinds of events and assignments generate large MT2 values, we show distri-

butions with the random assignment on (MT2, max(mv1,mv2)) and (MT2, sign(−β2
12)

√
|β2

12|)
planes in Fig. 2 (2b) and (3b), respectively. Here, β2

12 ≡
−→
β 1 ·

−→
β 2 is an inner product be-

tween velocity vectors of A1 and A2 in the lab frame. From figure (2b), we can see that

the MT2 is linearly dependent on the heavier of mv1 and mv2. Thus, the assignments

that provide large MT2 also provide large mvi . In addition, from figure (3b) we can see

that the endpoint of the MT2 distribution increases as increasing sign(−β2
12)

√
|β2

12| from

0 to 0.8. The tail of the MT2 distribution is mainly caused by the events with large

sign(−β2
12)

√
|β2

12|. In such events, A1 and A2 are highly boosted into back-to-back.

1Recent studies adopt much higher cuts to reduce backgrounds, but they do not reduce the signal
significantly.
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Summary

• Existence of two missing particles and large combinatorial background 
make measurements of new particle masses difficult.

• Various methods have been proposed to overcome this issue.

• In the early stage of the LHC, inclusive analysis will be important.

• By using mT2min and mT2min(mod), we can overcome ISR contamination to 
gluino and squark mass measurements.  



Figure 4: Map between mass space and kinematic space. The nominal masses, point A,

produces a kinematic region that coincides with the experimental region: KA = Kexp. A

point B inside the allowed mass region produces a larger kinematic region: KB ⊃ Kexp.

side of the figure is mapped into a region of the kinematic space on the right-hand side.
By ‘kinematic space’ we mean the set of observed 3-momenta of the visible particles,

3, 4, 5, and 6. Thus, the kinematic space has much higher dimensionality than the
mass space — the on-shell Y, X, N masses can be held fixed while changing the angles,
magnitudes and so forth of the visible particles. Consequently, each point in mass space

defines a volume in kinematic space. In analyzing data, the inverse mapping is to be
envisioned. Each point in the kinematic space corresponds to a specific momentum

configuration of the visible particles, i.e. an event. A collection of many events will
define a region in the kinematic space. In particular, the correct set of masses, point

A in Fig. 4, produces a kinematic region KA that coincides with the experimental one,
KA = Kexp, as long as the number of experimental events is large enough so that all
the allowed region is populated. Any shift away from A will generally not allow one or

more kinematical observables associated with the visible particles to occupy a region
close to the boundary of Kexp; i.e. such a shift will generally exclude a region of the

actually observed kinematical space.

A mass point other than MA produces a region different from Kexp. If it does not

cover the entire Kexp, this means that some events will not have yielded real !pN and
!pN ′ solutions and, therefore, the mass point does not appear in the final allowed mass

region. On the other hand, there can be mass points which produce larger kinematic
regions encompassing the entire Kexp region. These mass points yield real solutions for
all events and hence belong to the final allowed region. This kind of point is exemplified

by point B in Fig. 4. If we shift such a point in the mass space by a small amount,
MB → M′ = MB + δM, the resulting kinematic region still covers Kexp. In this case,
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Point A Point B Point C

Events (S/B) 326 (4.2) 499 (4.5) 292 (2.8)

Sharing (S/B) 219 (8.1) 341 (9.7) 172 (4.9)

M1 (True ; Best) 231890 ; 222500 286157 ; 282500 316274 ; 317500

M2 (True ; Best) 5624 ; 5000 14520 ; 14200 6815 ; 6600

M3 (True ; Best) 12872 ; 11700 10293 ; 9900 19812 ; 18900

Table 3: First row: number of events (signal/background) after cuts. Second row: number of
events that contribute to the best-fit cell in the ∆χ2 distribution. Third to fifth rows: true mass
and the central value of the best-fit cell in GeV2.

(A) (B) (C)

Figure 4: Distribution of ∆χ2(M) for each model point at detector level. The true mass point is
at the intersection of the three dashed lines.

where p4, p8 and mN are the functions of M and ppar1,2 given in section 2, and Niev is a

normalization factor. Given N event-combinations, log-likelihood and ∆χ2 functions are

obtained as

lnL(M) =
N
∑

iev

ln fiev(M) (3.3)

and

∆χ2(M) = 2(lnL(M)max − lnL(M)), (3.4)

respectively, where lnL(M)max is the maximum value of lnL(M) in the space M.

We calculate lnL(M) approximately by the following procedure. For each event, we

generate Monte Carlo “fake” events whose jet momenta are shifted from the original ones

according to the probability distribution ε(ppar|pjet). The parameter space M is divided

into cells. For each cell, we count the number of fake events for which the solution curves

go through that cell. If different combinations of the same event yield two or more curves

passing through the same cell, we count only one. If the number of fake events is large and

the cell size is small, this provides fiev(Mcell) with a certain normalization. As long as we

work with lnL(M), the normalization factor Niev is irrelevant, because it only shifts the

constant term of lnL(M). We ignore cells that have fiev(Mcell) = 0 in our log-likelihood

calculation, setting lnfiev(Mcell) = 0. Finally, we sum up ln fiev(Mcell) for all combinations

of all events.

– 8 –

Signal / background ratios are enhanced at the best fit cell.
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• Δχ2  is obtained from the log likelihood function as follows:         
24 32. Statistics

Table 32.2: ∆χ2 or 2∆ lnL corresponding to a coverage probability 1− α in the
large data sample limit, for joint estimation of m parameters.

(1 − α) (%) m = 1 m = 2 m = 3
68.27 1.00 2.30 3.53
90. 2.71 4.61 6.25
95. 3.84 5.99 7.82
95.45 4.00 6.18 8.03
99. 6.63 9.21 11.34
99.73 9.00 11.83 14.16

minimizes χ2 at a fixed value of θj , such as the PDG best value. This θi value lies along
the dotted line between the points where the ellipse becomes tangent to vertical, and has
statistical error σinner as shown on the figure, where σinner = (1 − ρ2

ij)
1/2σi. Instead of

the correlation ρij , one reports the dependency dθ̂i/dθj which is the slope of the dotted
line. This slope is related to the correlation coefficient by dθ̂i/dθj = ρij × σi

σj
.

θ i
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θ i
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iσ
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Figure 32.5: Standard error ellipse for the estimators θ̂i and θ̂j . In this case the
correlation is negative.

As in the single-variable case, because of the symmetry of the Gaussian function
between θ and θ̂, one finds that contours of constant lnL or χ2 cover the true values with
a certain, fixed probability. That is, the confidence region is determined by

ln L(θ) ≥ ln Lmax − ∆ lnL , (32.56)

or where a χ2 has been defined for use with the method of least-squares,

χ2(θ) ≤ χ2
min + ∆χ2 . (32.57)

Values of ∆χ2 or 2∆ lnL are given in Table 32.2 for several values of the coverage
probability and number of fitted parameters.
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FIG. 5: (a) (left) η distribution of ISR quark and gluon of
g̃g̃j production (solid line) for those with pT > 100 GeV. The
dashed line is for ISR quark distribution and dotted line is for
ISR gluon. b) (right) Correlation between |η| of ISR parton
and |η| for the jets that gives Mmin

T2 .

of the five highest pT jets arises from ISR is therefore
reasonable. In such a case, one may use the inclusive
definition of MT2 proposed in [13, 14]. In this approach,
pvis is defined using all jets and leptons in the final state
so that they satisfy p

(1)
vis =

∑

i
p
(1)
i

, p
(2)
vis =

∑

i
p
(2)
i

where

p
(1)
i

and p
(2)
i

are jets or lepton momenta which satisfy
d(p(1)

vis , p
(1)
i

) < d(p(2)
vis , p

(1)
i

), d(p(2)
vis , p

(2)
i

) < d(p(1)
vis , p

(2)
i

), with
d being some distance measure. The inclusive MT2 can
also be used to determine squark and gluino masses when
mq̃ > mg̃. In the inclusive definition of MT2, we may
again remove one of the leading five jets, use hemisphere
reconstruction to define pvis, and then calculate Mmin

T2 .
This method should be useful to reduce the contamina-
tion from squark-gluino.

Second, contrary to naive intuition, the additonal ISR
jet cannot be removed by excluding jets with high η or
low pT from the kinematical reconstructions. We have
seen already that the average pT of the that additional
parton is rather high. In addition, the ISR jets are cen-

tral. In Fig. 5 a) , we show the η distribution of the
additinal parton for g̃g̃j. We see that gluino ISR is al-
most central, while quark ISR is rather forward. How-
ever, they tend to be at high energy, as can be seen in
Fig. 2 a). For further details we refer to [15].

Finally, the proposed method makes it possible to se-
lect ISR jets, by requiring additional cuts to Mmin

T2 . For
an event near the MT2 end point, the removed jet has
a higher probability to be the ISR jet. The probability
that a different jet combination is correct is small, be-
cause the correct value has to be in the narrow range
Mmin

T2 < M true
T2 < M end

T2 . To check this, we study the
nature of the removed parton that gives Mmin

T2 in parton
level. Among the 5 parton events generated, only 29%
of the partons that give the Mmin

T2 is the ISR parton, if
no restriction is applied to Mmin

T2 . This fraction increases
to 44% for events with Mmin

T2 > 500 GeV, 29% of total
events. In Fig. 5 b), we show a 2-dimentional plot where
the x-axis is the |η| of the ISR parton and y-axis is |η|
of the jet that gives Mmin

T2 . The correlation is especially
good for |η| > 2, roughly 65% for the forward jets that
match correctly to the ISR parton within |∆η| < 1. This
is because the jets from gluino decay mostly goes to the
central regions. This shows it is possible to study forward
ISR jet distributions associated with the hard process.

In this paper we have seen that ISR is an important
feature in g̃ production at the LHC, and we have devel-
oped a method to reduce the effect of ISR production on
the gluino mass determination. This method can also be
used to identify initial state radiation jets. The method
can be applied for any new physics processes. The ap-
plication of this method to other SUSY processes as well
as other models for new physics, and to the correspond-
ing Standard Model backgrounds, will be discussed in
following publications [15].
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