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in Collider Physics 

• Models with Lightest stable particle --connection 
with dark matter 

• Two models  SUSY vs “Same spin partners”  

• Spin dependence 

• Change in dominant channel 

• Purpose of this talk: How to look into decay patterns, 
interactions and masses
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                        Topics 

1) mass ordering, mass determination of 
strongly interacting partners

2)spin dependence in 2 jet mode for “same 
spin partner model” 

3) MCT2 vs MT2 in 2 lepton channel

4)Reconstructing masss -- ISR removal
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1) Decay pattern  of the 
SUSY like model 

gluon partner 
(if any ) 

quark partner 

LPS

gluon partner 

dierect decay 
quark  partner 
(subdominant ) 

LPS

3 body 
decay   

quark partner 

2body 
decay 
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Checking mass ordering 
• Inclusive MT2 distribution for 

Mgl~600 GeV 

• divide events into two using 
Lund distance and calculate 
MT2  from two visible 
system 

• Selection:  Events at least  2 jets 
with pT>200GeV

• msq<mgl: large branch sharp 
edge. The mode with 2 high pT 
jet stands! 

Figure 14: The jet level MT2 distributions at Points 1 (black dotted), 3 (black solid), 4 (blue
oslid) and 5 (red dashed) for the events with at least two jets with pT > 200GeV. The sharp edge
at Point 1 is mostly consisted by the events with n50 ≤4. The distribution at Point 2 is similar to
that at Point 1 and is not shown.

MT2 distribution under the 2 jet cut might also be useful for determination of ordering of
squark and gluino masses. We observe a sharp endpoint at the true squark mass (600GeV)
at Point 1. Although the number of the events after the 2 jet cuts is rather small, such
structure also exists at Point 3. This is due to the squark decay into electroweak inos with
significant branching ratio at this point. We will discuss about mixed use of Mmod

T2 (min)
and MT2(min) at Points 3 and 3’ in the next subsection.

Alternatively, one can use hemisphere mass mv to estimate fraction of the events that
have gone though q̃ → jχ decays. Red (Blue) distributions in Fig. 15 (1) − (5) show
the jet level mv distributions for Points 1 − 5 (1’ − 5’), respectively. Here m(1)

v and
m(2)

v are superposed in the distributions. The shape of the distributions are very different
between mg̃ > mq̃ and mq̃ > mg̃ cases. In mg̃ > mq̃ region (See Figs. 15 (1) and (2).),
the distributions have a sharp peak at mv = 0, and the fraction of the other events are
small. On the other hand, in mq̃ > mg̃ (See Figs. 15 (3), (4) and (5).), the distributions
have another peak around mg̃/2, which is the contributions from g̃ → χ̃jj mode. The
fraction of the events with mv ∼ 0 becomes small. This suggests that the shape can give us
information of the ordering of gluino and squark masses. We can also study the hemisphere
mass after removing the jet imin, m(1)

v (imin) and m(2)
v (imin), where MT2(min) = MT2(imin).

The fractions of the events with min(m(1)
v (imin),m(2)

v (imin)) < 50GeV are 73%, 45% and
35% at Points 1, 3 and 5, respectively.

Based on the discussions above, we decide to use Mmod
T2 (min) for Points 1’, 2’, 1 and

2, and MT2(min) for 3’ − 5’ and 3 − 5 to determine the gluino masses. The jet level

– 20 –

Out from 60000 
events at 14TeV  

Msq>Mgl  
subdomminant 
squark 2 body 

decay 

Msq>>Mgl 

Mgl>Msq

Nojiri, Sakurai 
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2) 2 jet mode in 
the same spin partner models 

• Base line model 

• SUSY:  |particle spin -partner spin|=0.5 

• Little Higgs model and Universal Extra dimension model  
(particle spin)=(partner spin)

• Forget about mass constraint of the models  (SUSY-MSSM, UED -split 
type) 

• Signals are the  “Same”  in the first level ‘jets and missing ET

• There are actually big difference which can be seen in early stage..   
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A parameter 
• QCD section G(p): 700 GeV, Q(p)LR :600GeV 

• Weak sector W(p):300 GeV A(p):100 GeV 

• cross section  σ(G(p)G(p))  <<σ(G(p) Q(p)),σ(Q(p)Q(p))  
Madgraph --Jing Nojiri in progress 

G(p)G(p)
Q(p)RG(p)

including 
antiparticle

Q(pR)Q(pR)
(including 

antiparticle) 

Q(pR)Q(pR)
(particle only )

URUR(gluon 
exchnage only ) 

This 
model 0.6pb 1.9pb 5.8pb 5pb 0.7pb 

A:200GeV 2.7pb 2.2pb 

dominant in SUSY 
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The difference in spin
• SUSY: scalar partner decays spherically  

• production and decay processes are 
chiral 

• 2jet + missing for  QRQR production 

• The lightest vector partners from decay  is 
h~0 if mQ>>mA.  The final state q  goes 
in the direction of  parent spin of Q .  

• QR  polarization depends on mA strongly 
though T channel exchange of gauge 
boson.   

uR 

β～0.7

uR 

U(p)R

Q2

G or A 
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The jet level distribution
for pp→URUR channel

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

Madgraph 
2 by 4

(and Herwig)  

200GeV

100GeV

Nojiri, J. Shu.. work in progress
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Lessons  and some info 
• No “phase space decay”  for leading objects :Non-

polarized decay fails to reproduce physics processes 
even in such simple case. 

• “Consistent treatment” Production in T channel and 
decay are correlated.  

• Madgraph (till final decay) works.  Herwig 
(though I have not tried for the case) must be fine.  

• Madgraph (up to pp→ Q(p) Q(p) ) →Pythia or 
Bridge fails to reproduce the correct distribution. 
( I am not sure if I treated Bridge correctly. )
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3)a new kinematical object 
MCT2 vs MT2 with upstream momentum

Mass determination 

Using cascade in one side: invariant mass distribution 

Using both of the decay chain : 
         inv under z boost MT2  

              inv under contra boost MCT2 

New variable help to determine chargino mass 
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Upstream momentum 
dependence of MCT2 and MT2(ISR)   

• Definition

• upstream momentum  dependence of the end point   

• sharp end point for the process  
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Mass measurement in boosted decay systems at hadron colliders

Won Sang Choa, William Klemma,b, and Mihoko M. Nojiria,c,d
a Institute for the Physics and Mathematics of the Universe, University of Tokyo, Chiba 277-8582, Japan

b Department of Physics, University of California, Berkeley, California 94720, USA
c Theory Group, KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan and

d The Graduate University for Advanced Studies (SOKENDAI),1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

We report a new possibility of using the MCT2 (Constransverse mass) variable for mass measure-
ment of single step decay chains involving missing particles with moderate transverse momentum.
We show that its experimental feasibility is enhanced compared to the corresponding MT2-kink
method. We apply this method to reconstruct chargino decay into sneutrino which was not possible
previously.

PACS numbers: 12.60.Jv, 13.85.Hd, 14.80.Ly, 13.90.+i

Many theories of new physics beyond the Standard
Model (SM) are expected to provide a rich invisible en-
ergy signal from their Lightest New Particles (LNP),
which are stable Dark Matter candidates, missing in the
detector. In this situation only the so-called ‘MT2-kink’
method can provide the information necessary to deter-
mine the masses of both mother particle and missing LNP
simultaneously for the events with a pair of single step
decay chains [1, 2].
The origin of the MT2-kink is the variety of ‘Extreme

Kinematic Configurations (EKCs)’ in the events which
can contribute to the maximum of the MT2 distribution.
In general, for a given trial LNP mass, χ, the different
EKC’s will take on different values, so in different regions
of χ, Mmax

T2 (χ) will follow different functional forms. At
the true value, χ = mX , all of the EKC should provide
the same MT2 maximum value as the true mother parti-
cle mass, mY , by the definition ofMT2 [3]. Consequently,
Mmax

T2 (χ) shows a slope discontinuity at the kink point,
Mmax

T2 (χ = mX) = mY .
Let us consider the system of a pair of single step decay

chains at the LHC: p + p → δT + Y1/Y2(→ αX1/βX2),
where Y1,2 are the two mother particles with identical
masses, each decaying to visible α(β) and missing LNP
(X1(2)). δT denotes the other remnants (and its trans-
verse momentum) not from Yi decays, i.e. from the Initial
State Radiation (ISR) or decays before Yi, so that they
provide the total transverse momentum of the Y1+2 sys-
tem of −δT . In this event topology, there are two physical
degrees of freedom that can generate the variety of EKC
developing the kink. One is the invariant mass of visi-
ble particles mα,β in N(≥ 3)-body decays, generating a
so-called ‘Mass Kink’ [1], and the other one is non-zero
transverse momentum (δT ) leading to a ‘Boosted Kink
(BK)’ [2] of the Y1+2 system of our interest. When α(β)
consists of a single visible particle and has a fixed invari-
ant mass, then only the BK provides enough constraints
for simultaneous mass measurement.
However, the BK is not easy to identify [2]. This

is because it requires very large δT to have a clear
kink structure, and with the highest practical values of
δT /mY ∼ O(1−10) at the LHC, the kink structure is not
clear enough to be reliably measured. Additionally, since

the real profiles of the δT distribution must be sharply de-
creasing for large values at the LHC, the endpoint struc-
ture of the MT2(χ) distribution becomes worse with a
long tail if we require large δT . This may introduce sig-
nificant systematic errors in fitting the endpoint.
In this letter we present the maximal endpoint behav-

ior of the MCT2(χ) distribution [4] for single step de-
cay chains with non-zero δT . Mmax

CT2 (χ) is sensitive to
changes in δT , which can enhance the experimental feasi-
bility of measuring the masses of both mother and miss-
ing LNP simultaneously. In particular, for systems with
near degenerate mass spectra, mX/mY ∼ 1, the shift
of MCT2 endpoint can be magnified significantly com-
pared to that of the MT2 endpoint. The amount of the
shift can easily be beyond the region of experimental un-
certainties; one can have a good opportunity to measure
both of the masses by reconstructing the functional value
of Mmax

CT2 (χ) for several values of δT . As an example, we
demonstrate a way to measure the χ̃±

1 and ν̃ masses in a
SUSY model using the properties of MCT2.
MCT2 (Constransverse mass) [4] for the Y1+2 system

is defined as follows:

MCT2(χ) = min
k1T+k2T=E/

T

[

max {M (1)
CT ,M

(2)
CT}

]

(1)

M (1)
CT (χ)

2 = χ2 + 2(|αT |e1 + αT · k1T ),

where k1,2T and e1,2 are the transverse (Tr) momenta and
Tr energy, respectively, of missing X1,2, with total miss-
ing Tr momentum, E/T = −(αT + βT ) − δT . αT (βT ) are
the Tr momenta of visible particles from Y1(Y2) decays,
and −δT is the total Tr momentum of the Y1+2 system.

For the Y2 decays, M
(2)
CT is defined with βT and k2T . Here

χ denotes the trial test mass of Xi, and visible particle
masses are assumed to be zero, however the definition
of the MCT2 can be easily generalized for massive visible
particle events. Basically, theMCT2 variable is a mixture
of MT2 (Stransverse Mass) [3] and MCT (Contransverse
Mass) [5]. In [4] it was found that the endpoint structure
of the MCT2 distribution can be amplified depending on
the value of trial mass, χ, and MCT2 was employed to
measure some physical constraints involving squark and
gluino masses with fewer systematic errors in pinpointing

test mass test energy and momentum 

2

the endpoint than with the MT2 analysis.
When δT = 0, the MCT2(χ) has a one-to-one corre-

spondence with MT2(χ), and its maximum value is given
as follows [4] :

Mmax2
CT2 (χ) = χ2 + 2(α0E

0
X − α2

0), (2)

where α0 = m2

Y
−m2

X

2mY
and E0

X =
√

χ2 + α2
0. However, if

δT "= 0, the maximum profile of theMCT2(χ) distribution
shows a 2nd order Boosted Kink, (2BK), structure which
is different from the BK ofMT2. As investigated in [1, 2],
the Mmax

T2 (χ, δT ) value of the Y1+2 system is the same as
the Mmax

T (χ, δT /2) of single Yi decay system, and the
EKC for the Mmax

T2 can be characterized by a pair of
identical EKCs corresponding to the Mmax

T of single Yi

decays although they have to be combined to produce the
event with general

√
s ≥ 2mY . Then, in the language

of single Yi decay, the BK of Mmax
T2 (χ) is provided by

two EKCs of the single Yi decay events, characterized as
follows :

a) φmax = 0 for χ ≤ mX b) φmax = π for χ ≥ mX

where φmax is the azimuthal angle between visible Tr mo-
mentum and δT in the rest frame of the Yi with vanishing
∆η(≡ ηvis−ηinv). Similarly, the EKCs forMmax

CT2 (χ) with
2BK can be also characterized by single Yi decays, but
the azimuthal angle dependence is different :

1) cosφmax = m2

X
m2

Y

|δ̄T |EY (m2

Y
−m2

X
)

[

χ2

m2

X

+ |δ̄T |2
m2

Y

]

for χ ≤ χ∗

2) cosφmax = −1 for χ ≥ χ∗,

where |δ̄T | = |δT |/2 and EY =
√

m2
Y + |δ̄T |2. Fig. (1a)

shows MCT2(χ)−χ vs χ for (mY ,mX) = (130, 100)GeV
with δT = 20GeV. In the plot, the Mmax

CT2 (χ) is described
by the two curves in the two regions of χ divided by
2BK, χ∗ = 21.8GeV. For χ ≤ χ∗, Mmax

CT2 (χ) follows the
blue curve; it switches to the red one for χ ≥ χ∗ with a
continuous slope at χ = χ∗, where the χ∗ is given by

χ2
∗ = |δ̄T |

(

2α− |δ̄T |
)

, (3)

with α = |α0|( |δ̄T |
mY

+ EY

mY
). It is not hard to see that

whenever χ∗ is real, a 2BK appears and the EKC− 1)
contributes to the Mmax

CT2 (χ < χ∗). Then the Mmax
CT2 for

the full χ range is given as follows :

Mmax2
CT2 = 2χ2 + |δ̄T |2 for χ ≤ χ∗ (4)

= χ2 + 2α(|δ̄T |− α) + 2α
√

χ2 + (|δ̄T |− α)2

for χ ≥ χ∗ (5)

On the other hand, if χ∗ is imaginary, Mmax
CT2 (χ) just fol-

lows the line given by Eq. (5). The two maximal curves
of Eq. (4,5) come into contact at χ∗ with the same incli-
nation, but the curvature ofMmax

CT2 (χ) is discontinuous at
χ = χ∗. For given parameters, (mY ,mX ,δT ), χ∗ is real
and observable if
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FIG. 1: a)Mmax
CT2 (χ) for (mY ,mX) = (130, 100) GeV and

δ∗T = 247.9GeV with δT = 20 (χ∗ = 21.8GeV) b) MCT2(χ)
distribution for δT = 250GeV (No 2BK).

1. mX

mY
≤ 1√

2
, then χ∗ ∈ R.

2. 1√
2
< mX

mY
< 1, then χ∗ ∈ R if δT ≤ δ∗T ,

where δ∗T ≡ 4|α0|/
√

1− 4|α0|
mY

.

Although the reality condition of χ∗ for the existence of
a 2BK is not always met, it can be made to appear by
concentrating on events with relatively small values of
|δT |. Since δ∗T > 4|α0|, the 2BK appears with a conser-
vative choice of δT < 4|α0|. The spectrum for Fig. (1)
belongs to the second category of reality condition with
δ∗T = 247.9GeV. For the choice of events with small
δT = 20GeV, there is a 2BK present at χ∗ = 21.8GeV.
In Fig. (1b), δT = 250GeV > δ∗T , so no 2BK arises.
Whenever a 2BK exists, there is a boost-trapped distri-
bution with χ < χ∗ for which the boundaries are inde-
pendent of any physical masses in the decay system, as
shown in Eq. (4).
The shift of Mmax

CT2 (χ) for a change in δT can be sizable
even for moderate values of non-zero δT . This is the most
significant property of Mmax

CT2 (χ) for mass measurement.
The rates of Mmax

CT2/T2(χ) shift with respect to a change
in δT are given as follows :

∂Mmax
CT2R/T2R

∂|δ̄T |
for χ > χ∗ or χ > mX (6)

=
αEχ

Mmax
CT2R/T2REY

{

1±
|δ̄T |− α

Eχ

}{

1±
EY − α

Eχ

}

,

for MCT2/T2, respectively, with Eχ ≡
√

χ2 + (|δ̄T |− α)2

and Mmax2
T2R = χ2 − 2α(|δ̄T |− α) + 2αEχ. Here the sub-

script letter-R denotes the maximum curves for the χ
values larger than corresponding kink position, χ∗/mX .
TheMmax

T2R results from the EKC−b) [2] and the only dif-
ference with the Eq. (5) is the flipped sign of the second
momentum product terms. This sign flipped maximum
of MCT2 originates from the definition (1), and in [4] it
has been utilized to get a compact distribution in which
the endpoint singularity structures are highly amplified
and accentuated for the case of δT = 0. The flipped sign
also provides an interesting result for the δT "= 0 case: the
δT -shift of the maximal point can be magnified as indi-
cated in Eq. (6). In particular, when the mass difference
between MY and MX is small enough so that |δ̄T | > α
for a moderate value of |δ̄T |, the shift can be large. Fig.
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the endpoint than with the MT2 analysis.
When δT = 0, the MCT2(χ) has a one-to-one corre-

spondence with MT2(χ), and its maximum value is given
as follows [4] :

Mmax2
CT2 (χ) = χ2 + 2(α0E

0
X − α2

0), (2)

where α0 = m2

Y
−m2

X

2mY
and E0

X =
√

χ2 + α2
0. However, if

δT "= 0, the maximum profile of theMCT2(χ) distribution
shows a 2nd order Boosted Kink, (2BK), structure which
is different from the BK ofMT2. As investigated in [1, 2],
the Mmax

T2 (χ, δT ) value of the Y1+2 system is the same as
the Mmax

T (χ, δT /2) of single Yi decay system, and the
EKC for the Mmax

T2 can be characterized by a pair of
identical EKCs corresponding to the Mmax

T of single Yi

decays although they have to be combined to produce the
event with general

√
s ≥ 2mY . Then, in the language

of single Yi decay, the BK of Mmax
T2 (χ) is provided by

two EKCs of the single Yi decay events, characterized as
follows :

a) φmax = 0 for χ ≤ mX b) φmax = π for χ ≥ mX

where φmax is the azimuthal angle between visible Tr mo-
mentum and δT in the rest frame of the Yi with vanishing
∆η(≡ ηvis−ηinv). Similarly, the EKCs forMmax

CT2 (χ) with
2BK can be also characterized by single Yi decays, but
the azimuthal angle dependence is different :

1) cosφmax = m2

X
m2

Y

|δ̄T |EY (m2

Y
−m2

X
)

[

χ2

m2

X

+ |δ̄T |2
m2

Y

]

for χ ≤ χ∗

2) cosφmax = −1 for χ ≥ χ∗,

where |δ̄T | = |δT |/2 and EY =
√

m2
Y + |δ̄T |2. Fig. (1a)

shows MCT2(χ)−χ vs χ for (mY ,mX) = (130, 100)GeV
with δT = 20GeV. In the plot, the Mmax

CT2 (χ) is described
by the two curves in the two regions of χ divided by
2BK, χ∗ = 21.8GeV. For χ ≤ χ∗, Mmax

CT2 (χ) follows the
blue curve; it switches to the red one for χ ≥ χ∗ with a
continuous slope at χ = χ∗, where the χ∗ is given by

χ2
∗ = |δ̄T |

(

2α− |δ̄T |
)

, (3)

with α = |α0|( |δ̄T |
mY

+ EY

mY
). It is not hard to see that

whenever χ∗ is real, a 2BK appears and the EKC− 1)
contributes to the Mmax

CT2 (χ < χ∗). Then the Mmax
CT2 for

the full χ range is given as follows :

Mmax2
CT2 = 2χ2 + |δ̄T |2 for χ ≤ χ∗ (4)

= χ2 + 2α(|δ̄T |− α) + 2α
√

χ2 + (|δ̄T |− α)2

for χ ≥ χ∗ (5)

On the other hand, if χ∗ is imaginary, Mmax
CT2 (χ) just fol-

lows the line given by Eq. (5). The two maximal curves
of Eq. (4,5) come into contact at χ∗ with the same incli-
nation, but the curvature ofMmax

CT2 (χ) is discontinuous at
χ = χ∗. For given parameters, (mY ,mX ,δT ), χ∗ is real
and observable if
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FIG. 1: a)Mmax
CT2 (χ) for (mY ,mX) = (130, 100) GeV and

δ∗T = 247.9GeV with δT = 20 (χ∗ = 21.8GeV) b) MCT2(χ)
distribution for δT = 250GeV (No 2BK).

1. mX

mY
≤ 1√

2
, then χ∗ ∈ R.

2. 1√
2
< mX

mY
< 1, then χ∗ ∈ R if δT ≤ δ∗T ,

where δ∗T ≡ 4|α0|/
√

1− 4|α0|
mY

.

Although the reality condition of χ∗ for the existence of
a 2BK is not always met, it can be made to appear by
concentrating on events with relatively small values of
|δT |. Since δ∗T > 4|α0|, the 2BK appears with a conser-
vative choice of δT < 4|α0|. The spectrum for Fig. (1)
belongs to the second category of reality condition with
δ∗T = 247.9GeV. For the choice of events with small
δT = 20GeV, there is a 2BK present at χ∗ = 21.8GeV.
In Fig. (1b), δT = 250GeV > δ∗T , so no 2BK arises.
Whenever a 2BK exists, there is a boost-trapped distri-
bution with χ < χ∗ for which the boundaries are inde-
pendent of any physical masses in the decay system, as
shown in Eq. (4).
The shift of Mmax

CT2 (χ) for a change in δT can be sizable
even for moderate values of non-zero δT . This is the most
significant property of Mmax

CT2 (χ) for mass measurement.
The rates of Mmax

CT2/T2(χ) shift with respect to a change
in δT are given as follows :

∂Mmax
CT2R/T2R

∂|δ̄T |
for χ > χ∗ or χ > mX (6)

=
αEχ

Mmax
CT2R/T2REY

{

1±
|δ̄T |− α

Eχ

}{

1±
EY − α

Eχ

}

,

for MCT2/T2, respectively, with Eχ ≡
√

χ2 + (|δ̄T |− α)2

and Mmax2
T2R = χ2 − 2α(|δ̄T |− α) + 2αEχ. Here the sub-

script letter-R denotes the maximum curves for the χ
values larger than corresponding kink position, χ∗/mX .
TheMmax

T2R results from the EKC−b) [2] and the only dif-
ference with the Eq. (5) is the flipped sign of the second
momentum product terms. This sign flipped maximum
of MCT2 originates from the definition (1), and in [4] it
has been utilized to get a compact distribution in which
the endpoint singularity structures are highly amplified
and accentuated for the case of δT = 0. The flipped sign
also provides an interesting result for the δT "= 0 case: the
δT -shift of the maximal point can be magnified as indi-
cated in Eq. (6). In particular, when the mass difference
between MY and MX is small enough so that |δ̄T | > α
for a moderate value of |δ̄T |, the shift can be large. Fig.

upstream transverse 
momentum δT 

α(visible )

β(visible)

2

the endpoint than with the MT2 analysis.
When δT = 0, the MCT2(χ) has a one-to-one corre-

spondence with MT2(χ), and its maximum value is given
as follows [4] :

Mmax2
CT2 (χ) = χ2 + 2(α0E

0
X − α2

0), (2)

where α0 = m2

Y
−m2

X

2mY
and E0

X =
√

χ2 + α2
0. However, if

δT "= 0, the maximum profile of theMCT2(χ) distribution
shows a 2nd order Boosted Kink, (2BK), structure which
is different from the BK ofMT2. As investigated in [1, 2],
the Mmax

T2 (χ, δT ) value of the Y1+2 system is the same as
the Mmax

T (χ, δT /2) of single Yi decay system, and the
EKC for the Mmax

T2 can be characterized by a pair of
identical EKCs corresponding to the Mmax

T of single Yi

decays although they have to be combined to produce the
event with general

√
s ≥ 2mY . Then, in the language

of single Yi decay, the BK of Mmax
T2 (χ) is provided by

two EKCs of the single Yi decay events, characterized as
follows :

a) φmax = 0 for χ ≤ mX b) φmax = π for χ ≥ mX

where φmax is the azimuthal angle between visible Tr mo-
mentum and δT in the rest frame of the Yi with vanishing
∆η(≡ ηvis−ηinv). Similarly, the EKCs forMmax

CT2 (χ) with
2BK can be also characterized by single Yi decays, but
the azimuthal angle dependence is different :

1) cosφmax = m2

X
m2

Y

|δ̄T |EY (m2

Y
−m2

X
)

[

χ2

m2

X

+ |δ̄T |2
m2

Y

]

for χ ≤ χ∗

2) cosφmax = −1 for χ ≥ χ∗,

where |δ̄T | = |δT |/2 and EY =
√

m2
Y + |δ̄T |2. Fig. (1a)

shows MCT2(χ)−χ vs χ for (mY ,mX) = (130, 100)GeV
with δT = 20GeV. In the plot, the Mmax

CT2 (χ) is described
by the two curves in the two regions of χ divided by
2BK, χ∗ = 21.8GeV. For χ ≤ χ∗, Mmax

CT2 (χ) follows the
blue curve; it switches to the red one for χ ≥ χ∗ with a
continuous slope at χ = χ∗, where the χ∗ is given by

χ2
∗ = |δ̄T |

(

2α− |δ̄T |
)

, (3)

with α = |α0|( |δ̄T |
mY

+ EY

mY
). It is not hard to see that

whenever χ∗ is real, a 2BK appears and the EKC− 1)
contributes to the Mmax

CT2 (χ < χ∗). Then the Mmax
CT2 for

the full χ range is given as follows :

Mmax2
CT2 = 2χ2 + |δ̄T |2 for χ ≤ χ∗ (4)

= χ2 + 2α(|δ̄T |− α) + 2α
√

χ2 + (|δ̄T |− α)2

for χ ≥ χ∗ (5)

On the other hand, if χ∗ is imaginary, Mmax
CT2 (χ) just fol-

lows the line given by Eq. (5). The two maximal curves
of Eq. (4,5) come into contact at χ∗ with the same incli-
nation, but the curvature ofMmax

CT2 (χ) is discontinuous at
χ = χ∗. For given parameters, (mY ,mX ,δT ), χ∗ is real
and observable if
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FIG. 1: a)Mmax
CT2 (χ) for (mY ,mX) = (130, 100) GeV and

δ∗T = 247.9GeV with δT = 20 (χ∗ = 21.8GeV) b) MCT2(χ)
distribution for δT = 250GeV (No 2BK).

1. mX

mY
≤ 1√

2
, then χ∗ ∈ R.

2. 1√
2
< mX

mY
< 1, then χ∗ ∈ R if δT ≤ δ∗T ,

where δ∗T ≡ 4|α0|/
√

1− 4|α0|
mY

.

Although the reality condition of χ∗ for the existence of
a 2BK is not always met, it can be made to appear by
concentrating on events with relatively small values of
|δT |. Since δ∗T > 4|α0|, the 2BK appears with a conser-
vative choice of δT < 4|α0|. The spectrum for Fig. (1)
belongs to the second category of reality condition with
δ∗T = 247.9GeV. For the choice of events with small
δT = 20GeV, there is a 2BK present at χ∗ = 21.8GeV.
In Fig. (1b), δT = 250GeV > δ∗T , so no 2BK arises.
Whenever a 2BK exists, there is a boost-trapped distri-
bution with χ < χ∗ for which the boundaries are inde-
pendent of any physical masses in the decay system, as
shown in Eq. (4).
The shift of Mmax

CT2 (χ) for a change in δT can be sizable
even for moderate values of non-zero δT . This is the most
significant property of Mmax

CT2 (χ) for mass measurement.
The rates of Mmax

CT2/T2(χ) shift with respect to a change
in δT are given as follows :

∂Mmax
CT2R/T2R

∂|δ̄T |
for χ > χ∗ or χ > mX (6)

=
αEχ

Mmax
CT2R/T2REY

{

1±
|δ̄T |− α

Eχ

}{

1±
EY − α

Eχ

}

,

for MCT2/T2, respectively, with Eχ ≡
√

χ2 + (|δ̄T |− α)2

and Mmax2
T2R = χ2 − 2α(|δ̄T |− α) + 2αEχ. Here the sub-

script letter-R denotes the maximum curves for the χ
values larger than corresponding kink position, χ∗/mX .
TheMmax

T2R results from the EKC−b) [2] and the only dif-
ference with the Eq. (5) is the flipped sign of the second
momentum product terms. This sign flipped maximum
of MCT2 originates from the definition (1), and in [4] it
has been utilized to get a compact distribution in which
the endpoint singularity structures are highly amplified
and accentuated for the case of δT = 0. The flipped sign
also provides an interesting result for the δT "= 0 case: the
δT -shift of the maximal point can be magnified as indi-
cated in Eq. (6). In particular, when the mass difference
between MY and MX is small enough so that |δ̄T | > α
for a moderate value of |δ̄T |, the shift can be large. Fig.
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FIG. 2: a) Ratios of δT -shift between Mmax
CT2 and Mmax

T2 with
respect to δT /MY for various mass spectrums, MX/MY . b)
δT -shift of M

max
CT2 −Mmax

CT2 (mX = 0) for mX = (10−190) GeV
with the α0 = 62.4GeV and the trial LNP mass, χ = χ∗ +
50GeV.

(2a) shows how much the δT -shift of the Mmax
CT2 can be

amplified compared to that of Mmax
T2 . We define R as

R(
|δ̄T |
MY

,
MX

MY
) ≡

Mmax
CT2 (χ1, |δ̄T |+∆)−Mmax

CT2 (χ1, |δ̄T |)
Mmax

T2 (χ2, |δ̄T |+∆)−Mmax
T2 (χ2, |δ̄T |)

We take ∆ = MY /2, χ1 =(2χ∗ calculated for |δ̄T | =
|δ̄T | + ∆ for MX/MY = 0.1 − 0.7, MX + MY /2 for
MX/MY = 0.8 − 0.9). χ2 is set to MX + MY /2 in
Fig. (2a). This clearly shows a δT -shift enhancement in
Mmax

CT2 (χ, δT ). The optimal choices of χ1,2, for which each
of the shifts is maximized and well-measured, are ambigu-
ous. We chose χ1 ∼ O(χ∗) because it is always observed
to provide sizable shift with sharp endpoint structures of
the MCT2 distributions. However a practical choice of
χ2 was quite difficult. Indeed, as we take larger value of
χ2, the denominator of R increases up to some value in
principle, reducing R down to O(1) in some cases. How-
ever, as seen in Fig. (3d), there are usually faint long tails
near the expected endpoint for theMT2 distribution with
large δT , making it difficult to measure the endpoint and
the shift even with large χ and sizable ∆.
It is also worthwhile to check some real scale values

of the shift in Mmax
CT2/T2(χ). For (MY ,MX , |δ̄T |,∆) =

(150, 100, 100, 100)|(500, 100, 100, 100), ∆Mmax
CT2 (χ =

χ∗) = 73.5|38.4GeV, while ∆Mmax
T2 (χ = 200GeV) =

12.7|11.6GeV. Fig. (2b) also shows the δT -shift of
Mmax

CT2−Mmax
CT2 (mX = 0) for various missing LNP masses,

mX = (10− 190)GeV while the α0 is fixed by 62.4GeV
and the trial LNP mass, χ = χ∗ + 50GeV. For δT = 0,
no resolution power exists as expected, however, one can
see that the δT -shift of Mmax

CT2 can be large enough to
measure the new particle masses with the resolution of
O(1 − 10)GeV for δT ∼ O(10 − 100)GeV. It is also
enhanced for the large mX/mY case. We fixed the α0

because it is the basic momentum scale we can observe
in detector regardless of the mass spectra. It can be also
measured by Mmax

T2/CT2 for δT = 0.
These illustrations indicate that theMCT2 shifts might

be experimentally feasible with clear endpoint structures,
because the shifts can be well beyond typical experi-
mental uncertainties. This is the power of using the
MCT2 variable. By projecting events in the MCT2(χ ∼

O(χ∗), δT $= 0) basis, one can get a more sharper edged
and δT -sensitive event distribution. The flipped sign in
the definition of the MCT2 variable makes the distribu-
tion compact with respect to the internal momentum
scale of the system, while being much more sensitive
for the external boost momentum δT , like a flubber ball.
This means that one can have a better chance to measure
both of the masses in a boosted decay system at hadron
collider, by observing the Mmax

CT2 (χ) for several (at least
two) different δT values.

A SUSY example Having explained the properties
of MCT2(χ, δT $= 0) distribution, let us now check
and employ it for the mass measurement of a pair of
χ̃±
1 decay system in a SUSY model. Here we focus

on the decay channel, χ̃±
1 → ν̃ + %±. The chargino

decay is rather difficult to reconstruct in usual methods
because of the missing neutrinos in the cascade decay
following to the process. In mSUGRA prejudice, χ̃±

1
decays dominantly into τ̃ , through its left right mixing
and branching ratio into the decay mode is small.
However, the χ̃±

1 can be heavier than ν̃ for non minimal
model. For example, a model where 3rd generation
sfermions are heavy and left handed sleptons are lighter
than χ̃±

1 is proposed recently in [6] to solve SUSY
flavor problem. We take a benchmark point of the
paper where (mg̃,mq̃R ,mq̃L ,mχ̃±

1

,mχ̃0
2
,ml̃L

,mν̃ ,mχ̃0
1
) =

(724.9, 624.1, 645.6, 231.5, 231.4, 175.9, 157.2, 123.3)GeV.
For this point, BR(χ̃±

1 → ν̃ + %±|l̃±L + ν#) ∼ (0.63|0.34).

We simulated SUSY event production of 25fb−1 at
the LHC energy of 14 TeV using PYTHIA Monte Carlo
event generator [8] with ISR/final state radiation turned
on. Fully showered and hadronized events were passed
to the PGS4 [9] detector simulator. The energy resolu-
tion parameter in the hadronic calorimeter was given by
∆E/E = 0.6/

√
E, and jets were reconstructed using a

cone algorithm with ∆R = 0.5. We chose same sign(SS)
dileptonic events with N(≥ 2)-jets + E/T . The SS dilep-
ton condition can efficiently remove various dileptonic
backgrounds from SUSY neutralino decays and SM pro-
cesses like as tt̄, WW , W/Z + jets. The event selection
cuts are as follows : SS dilepton with PT (%1,2) > 20GeV,
PT (jet1,2) > (100, 80)GeV, E/T > 100GeV. Using these
cuts, the signal to background ratio becomes high and
the endpoint is expected to appear clearly without pol-
lution from the SM process and neutralino decays [10].
Since χ̃±

1 has large branching ratios in two different chan-
nels, there exist three types of dilepton signal from a
pair of χ̃±

1 decay chains. The 1st type is the case where
the both leptons come from χ̃±

1 → ν̃ + %± decays and
the 2nd type is when the both are from χ̃±

1 → l̃±L + ν#
with l̃±L → %± + χ̃0

1, subsequently. The 3rd is the mixed
case of 1st and 2nd type leptons. Thus, we can expect
that there are 3 types of different endpoints in inclusive
dileptonic MCT2 distribution. However, in this bench-
mark point it was found that the 1st type of dilepton
provides the largest endpoint for MCT2(χ, δT ) [7], and
here we simply applied our method to determine both
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chargino →sneutrino
• 2 leptons +missing +upstream 

activities 

• upstream momentum 
dependence of MT2 and MCT2 
is opposite 

• MCT2 has stronger 
dependence on δ 

• chargino and sneutrino 
masses can be determined by 
using 

MCT2
δ=200GeV 

MT2

(δ＝100GeV) 

input 
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4) The other source of jets :ISR  

Soft ISR we 
naively expectg̃ → q̃∗q → qq̄χ̃0

1

pp→ g̃g̃
ISR is not 

soft!   

Events with 
hard ISR 
events without 

ISR 

Alwall, Hiramatsu, Nojiri, Shimizu (2009) 

PT order of ISR jet 

1  2  3  4  5

“general rule to remember”  
for large hierarchy case 

pT (jets from 2 body quark partner decay) 
>> PT (ISR) 
>> PT (3 body gluon partner decay)  
>> other cascade decay 
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Removing ISR in inclusive MT2

★      True  squark/gluino mass 

Figure 21: MT2 distributions at 7TeV 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). Green lines show MT2 distribution under
the same cut.

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

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

flactuation.4 The MT2 distribution ends around 800GeV at Point 5, which reflects the
input squark mass. Note that we have reason not to use Mmod

T2 (min) distribution for mass
determination, because the number of the events which survives after 2 jet cut is smal.
Therefore we do not show the Mmod

T2 (min) distribution in the figure.

7. Conclusion

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.

4For example, the distirbution at Point 5’ ends around 600GeV, but an endpoint structure at 550GeV
is found for 60000 signal events.

– 26 –

mgl=541GeV 
mul=619 Gev 

★★

†: minimizing MT2 after 
removing i-th jet (i=1~5)

†: minimizing MT2 after 
removing i-th jet (i=3~5 )
(assume two highest pt jet comes 

from squark-> chi q decay) 

green line : Inclusive MT2 

sqrt(s)=7TeV  L=1fb-1

Nojiri, Sakurai   arXive 1008.1813 
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