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Dark matter motivation : exist (meta)stable exotic particle

Z2 parity --> pair production 
of stable exotics at LHC

SUSY, UED ...

Missing energy event is not unusual 
-- neutrino in SM

We are interested in the missing energy from new physics

New symmetry to protect it from decay 

Transverse mass variable W → eν :

m2
eν T = (EeT + EνT)2 − ("peT + "pνT )2

= 2EeTE miss
T (1 − cosφ) ≤ m2

eν.
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Missing Energy and New Physics at LHC

New Physics Expectation in E/T : †

• Setting a bound for mass scale may not be too hard.

• Establishing E/T signal would be challenging,

⇒ that would be a revolutionary discovery for BSM physics!

†M. Mangano, arXiv:0809.1567 [hep-ph].

Missing Energy Event



Mass Reconstruction is Important

Comparison with direct detection and indirect detection

Baltz, Battaglia, Peskin and Wizansky, hep-
ph/0602187.

Dark matter connection: LHC vs. Cosmology

Steps to follow:§

• Discover missing-energy events at a collider and estimate the mass of the WIMP.

• Observe dark matter particles in direct detection experiments and determine whether

their mass is the same as that observed in collider experiments.

Cosmic relic density:
Ωχh2 ∝

1

〈σv〉
∼

m2
χ

α2
.

By crossing, χχ annihilation is related to scattering.

After that,

• Determine the qualitative physics model that leads to missing-energy events.

• Determine the parameters of this model that predict the relic density.

• Determine the parameters of this model that predict the direct and indirect detection

cross sections.

• Measure products of cross sections and densities from astrophysical observations to

reconstruct the density distribution of dark matter.

§Baltz, Battaglia, Peskin and Wizansky, hep-ph/0602187.

The dark matter connection:                                                 
- the mass of the missing particle determines the relic density

Crucial for understanding the underlying physics

distinguish different physical models



Determine the Dark Matter Mass 

Challenging at the LHC

Determining the Dark Matter Mass

– Model-independent approaches at colliders

The difficulties:

• Two missing particles in each event;
• Unknown parton frame leads to less constrained kinematics.

Two missing particles in each event

Unknown parton frame leads to less constrained kinematics

Interpretation of the signal as a particular physics process              
maybe complicated -- different underlying topologies or a mixture 
of them
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Kinematic Approaches

K.Kong, K. Matchev, M.Park 

Kawagoe, Nojiri and Polesello
   Cheng, Gunion, Han & McElrath

Bachacou, Hinchliffe and Paige
Lester and Summers

W.S. Cho,K.Choi,Y.G.Kim,C.B.Park

Three main categories: 

Demand that at least some particles are sufficiently close to their 
mass shells that their energy-momentum Lorentz invariant can 
be used to constrain their masses

see a recent review:                                                   
Barr and Lester, arXiv:1004.2732

Invariant Mass endpoint

MT2 variable and Kink; 
variations: subsystem MT2, 
Mct, 

Polynomial method/Mass relation method

Advantage: do not need to know many details of the underlying 
physical model (gauge group, spin etc)

......



Figure 7: The map between a point in the mass space and the corresponding consistent

region in the observable space.

certain transformations which do not alter the the connection between the mass pa-
rameters and the kinematic observables. For example, if an event of certain observable

momenta can be produced by some mass parameters, a boost along the beam axis can
also be produced by the same mass parameters because the momenta along the beam

axis and the energies of the initial partons in collision are unknown. They do not have
to be fully Lorentz-invariant as the measured missing transverse momentum breaks the
symmetry. For two decay chains in an event which is the focus of most discussion, the

allowed transformations are independent boosts of the two decay chains along the beam
axis and the rotation around the beam axis, so it would be advantageous to choose the

observable combinations that are invariant under these transformations. (If there is no
UTM, one can also perform back-to-back equal transverse boosts on the two chains as

the two mother particles have equal and opposite transverse momenta in this case.)

For each point m in the mass space, there is a corresponding region f(m) ⊂ O in

the observable space which is consistent with this mass point, i.e., f(m) is made of all
possible points in the observable space that can be produced kinematically by the given

mass parameters (see Fig. 7). Assuming that there is a large enough set of experimental
events from this topology with the given mass parameters at m and ignoring the issues

such as experimental smearing and backgrounds for the moment, the region f(m) will
be populated by these experimental events. The relative weights and densities of the
experimental events within the region depend on other details of the underlying theory

such as the matrix elements. On the other hand, the allowed region f(m) solely depends
on the masses of the new particles. If f(m) is unique for each point m, then in principle

– 15 –

- Mapping from mass space to observable space

- Consistent regions f(m)

- Boundary of f(m)  --> constrain masses

Han, cheng
JHEP 0812 (2008) 063

 Choose the right 
observable is important !!

General Picture



- MT2 Endpoint

- Invariant Mass Endpoint

Examples: 

Combine several such observables, or 
looking for extra structure such as 
“kinks”

They alone can’t determine the masses in 
events with missing energy
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General Picture

- Alternative view: Inverse map from observable space to 
mass space

- Consistent mass regions g(p)

- For an event sample E, the intersection of g(pi) ideally 
shrink to a point, but not always. 

Figure 8: The map between a point in the observable space and the corresponding consistent

region in the mass space.

all the masses can be uniquely determined given enough of experimental events. It is
possible that there are degeneracies such that different mass points map into the same
observable region, f(m) = f(m′) for m != m′, e.g., the case of one step two-body decay

on each chain. In that case the masses cannot be uniquely determined from kinematics
alone and additional (model-dependent) information is required. In general we expect

f(m) to be unique if the dimension of the observable space is large enough. From the
above discussion, we see that the most important events for mass determination are

those which lie near the boundary of f(m) as they determine the shape and the size of
f(m). The edge/endpoint method can be viewed as a simple application of this idea by
projecting f(m) down to a few one-dimensional subspaces and extract the endpoints

of f(m) in these one-dimensional subspaces. It is also evident that it does not fully
utilize all the relevant information contained in the experimental events as it only uses

a few points on the boundary. In particular, in the case of two visible particles in each
decay chain it does not give enough information to determine all masses, yet we know

that the masses can be determined by other methods. A generalization to look at the
boundary of the two-dimensional subspaces of f(m) is currently being studied [19].
It can potentially give a more powerful method than the one-dimensional endpoint

method. Ideally, one would like to map out the whole boundary of f(m) in the high-
dimensional observable space to get all the information contained in the experimental

events. However, dealing with the high-dimensional space could be technically quite
difficult.

The method of kinematic constraints can be considered as the inverse map of the

– 16 –

E

Han, cheng
JHEP 0812 (2008) 063



Using On-shell conditions 
event-by-event

Require long decay chains -- at least four on-shell particles in each 
chain

Fully Constructable Kinematics

Kinematical on-shell conditions∗

Assume:

• n signal events: particles 3,5,7; 4,6,8 observed; 1, 2 missing.

• Unknowns: masses N, X, Y, Z (4); 4-momenta of 1, 2 (8n) ⇒ 4 + 8n.

∗Cheng, Gunion, Z. Han and McElrath, arXiv:0905.1344.
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• Unknowns: masses N, X, Y, Z (4); 4-momenta of 1, 2 (8n) ⇒ 4 + 8n.

• Constraints: missing transverse momenta (x,y): 2n.

on-shell conditions (both chains) 8n. Total ⇒ 10n.

Let constraints ≥ unknowns ⇒ n ≥ 2.

† With many events (n), it’s an over-constrained system.

† If only 3 on-shell particles in each chain,

there will be fewer constraints than unknowns.
∗Cheng, Gunion, Z. Han and McElrath, arXiv:0905.1344.
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on-shell conditions (both chains) 8n. Total ⇒ 10n.

Let constraints ≥ unknowns ⇒ n ≥ 2.
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† If only 3 on-shell particles in each chain,

there will be fewer constraints than unknowns.
∗Cheng, Gunion, Z. Han and McElrath, arXiv:0905.1344.

For n>2, over-constrained system

Kawagoe, Nojiri & Polesello;
   Cheng, Gunion, Han & McElrath

Polynomial method or Mass relation method



Having multiple methods is crucial

Any new ideas?



In many new physics models: there are both heavy(~TeV) 
exotics as well as light(~100GeV) ones.

Can we get additional handle if missing particle is approximately 
collinear with visible particles ? 

χ1χ2Q

X
θ → 0

SUSY little hierarchy

Boosted decay is generic

SUSY example: squark --> q + NLSP -- > q + Z + LSP
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total PT of X

kinematic boundary 
for fixed X momenta
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3D View

MET cone

�p tot
χ1

�p tot
X

�p a
χ1 �p a

X

θa

�p b
χ1

�p b
X

θb



3D View

MET cone

�p tot
χ1

�p tot
X

�p a
χ1 �p a

X

θa

�p b
χ1

�p b
X

θb



MET-cone method

Based on simple observations:

Missing momentum only allowed to vary a narrow 
region around visible momentum -- “MET-cone”

MET-cone boundary is sensitive to the underlying masses

Different from other methods, we consider the missing 
transverse momentum as our observables for mass 
measurement

This kinematic boundary depends on the visible momenta, 
need event-by-event analysis



Two ways to have collinear decay

• Large boost factor

• Moderate boost factor; decay products are non-relativistic in the 
rest frame of the decay

Collinearity of the decay

Parametrize the opening angle in the lab frame

2

The angle θχ2X between the visible particle X and the

direction of motion of the parent χ2 is then given by

tan θχ2X =
βX
0

γ

�
sin θ0

βX
0 cos θ0 + β

�
. (1)

where θ0 is angle between X and χ2 in the rest frame of

χ2, and β0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range:

0 ≤ tan θχ2X ≤ βX
0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2. In this scat-

ter plot, we assume an event topology where all �ET arises

from two χ1 particles (i.e. there are no neutrinos in the

event), and that each of the two decay chains terminates

with the NLSP decaying to a Z-boson plus the LSP. We

restrict to a particular configuration of Z momenta. We

have taken the total Z momentum vector to define the y-
axis, reflecting the component of the �ET vector parallel to

the total Z-momentum. The x-axis displays the �ET vec-

tor component perpendicular to the total X-momentum.

As expected, the �ET vector is correlated with the Z-

momenta, with sharp kinematic boundaries determined

by the mass spectrum of the underlying theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

( �ET )y

( �ET )x

FIG. 2: In this scatter plot, we scan (with flat prior) over two
θ0 angles corresponding to two χ2 decays to χ1 + Z. The Z
bosons are in a configuration where each has boost factor 5,
both lie in the transverse plane, and are separated by a 90
degree angle. The masses of the exotica are assumed to be
mχ2 = 200 GeV, mχ1 = 100 GeV.

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:

∆ �E2
T (m

test
χ1

) =

�����p
T,total

test −��p
T

exp

���
2

. (5)

This is an analytic procedure, as this formula is quadratic

inmtest
χ1

. Computation ofmtest
χ1

is therefore fast and easily

implementable.

As a means of quality control, we veto signal events

in which ∆�Emin
T / �E exp

T > �, for some sufficiently small �.
The efficiency of such a cut is itself a rough measure of the

mass splitting. In Figure 3, we show a scatterplot ofmtest
χ1

and ∆ �Emin
T /�E exp

T for both a highly boosted scenario,

where the mass splitting is very small, and one in which

we do not expect significant collinearity. We range over

NLSP boost factors and cos θ0 angles uniformly. From

these figures, one observes that mtest
χ1

has two approxi-

mate endpoints in the small ∆ �Emin
T /�E exp

T region. These

endpoints are a manifestation of the MET-cone bound-

aries when projected onto the transverse plane, which

can be seen from Fig. 4.

The limit � → 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

β, γ Velocity & boost factor of 
NLSP

β0, γ0 Velocity & boost factor in 
the rest frame of NLSP

Narrow range of variation

β0 � 1

0 ≤ tan θχ2X ≤
βX

0

γβ

1�
1− (βX

0 /β)2
γ�1−−−→ βX

0

γ

1�
1− (βX

0 )2
.

βX
0 < β

γ � 1

θχ2 X

θχ2 χ1θ

θ0

γX

χ2



0.0 0.5 1.0 1.5
0

200

400

600

800

1000

1200

Θ

N
um
be
r
of
Ev
en
ts
�Bin

Boost factor decrease with increased number of steps in the cascade

0.0 0.5 1.0 1.5
0

100

200

300

400

500

Θ

N
um
be
r
of
Ev
en
ts
�Bin(1000, 200, 100)GeV (1250, 250, 100)GeV

q̃L → χ2q → χ1 Z q

For a given underlying physics, both boost factor and      
vary     according to the matrix element θ0

Collinearity of the decay



Correlation in the magnitude

2

between the visible particle X and the direction of mo-
tion of the parent χ2 is then given by

tan θχ2X =
βX

0

γ

�
sin θ0

βX
0 cos θ0 + β

�
. (1)

where θ0 is angle between X and χ2 in the rest frame of
χ2, and β0 is the velocity of X in the rest frame of χ2.
The angle takes on values given by the range

0 ≤ tan θχ2X ≤
βX

0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity β0 is a function of the masses of the three
particles involved:

(βX
0 )2 =

�
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

�
m2

χ2
+ (m2

X −m2
χ1

)
�2

(3)
The angle θχ2χ1 can be obtained by exchanging mX with
mχ1 in the above equations. It is easy to see that a
collinear configuration can be achieved with a large γ,
and also by reducing the available phase space for the
χ2 decay. For fixed boost factor γ = 5 and χ2 mass
mχ2 = 200 GeV, the angle θ as a function of mχ1 and
mX is shown in Fig.2. One can see that the region near
mχ1 ≈ mX ∼ mχ2/2 is favored for small θ.

The boost factor is determined by several variables. As
a simple example, we consider a heavy exotic, with mass
mQ which decays to a massless SM particle (e.g. a jet)
and the NLSP, with mass mχ2 . In the rest frame of Q,
the boost factor of the NLSP is given by

γ =
m2

Q + m2
χ2

2mQmχ2

mQ�mχ2−−−−−−→ 1
2

mQ

mχ2

. (4)

For mQ ∼ 2 TeV and mχ2 ∼ 200 GeV, a boost factor
γ = 5 can be obtained. In practice, many other features
contribute. In the above example, at a hadron collider
the Q particle will be produced with some transverse as
well as longitudinal momentum, which will give a dis-
tribution of boost factors in this process. In addition,
in multistage decay chains, the typical boost factors will
also depend on the mass spectrum of particles participat-
ing in the cascade. In Figure, we show the distribu-
tion of γ’s for some different scenarios

This collinear approximation can be used to extract
additional information about the 4-momenta of χ2 and
χ1,w hich can be used in reconstructing the masses of the
exotica.

The boost factors of X and χ1 in the lab frame are
given by

γχ1 = γ γχ1
0 (1 + β βχ1

0 cos θ) (5)
γX = γ γX

0 (1− β βX
0 cos θ) (6)

Here the boost factor and velocity in the rest frame is
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FIG. 2: Contour Plots of θ in the plan of mX and mχ1 . The
mass of χ2 is fixed mχ2 = 200 GeV. The boost factor γ is
fixed to be 5. What are the values of θ0?
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FIG. 3: Distribution of θ for different pX cuts. The mass of
χ2 is fixed mχ2 = 200 GeV.

given by

γχ1
0 =

m2
χ2

+ m2
χ1
−m2

X

2mχ2mχ1

(7)

βχ1
0 =

��
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

m2
χ2

+ (m2
χ1
−m2

X)
(8)

Given the boost factor γ, the magnitudes of the 3-
momenta of X and χ1 in the lab frame can be written

3

as

pχ1 = γχ1βχ1mχ1 (9)
pX = γXβXmX . (10)

From Eq.’s (2,5,6), we see that for a given Z-
momentum, there is a kinematic limit on the range of
energies and directions for a �ET . We illustrate this in
Figure 4. In this scatter plot, we assume a full event
structure where all �ET arises from the χ1 particle (i.e.
there are no neutrinos in the event), and that each of
the two decay chains terminates with the NLSP decay-
ing to a X particle plus the LSP. We restrict to a par-
ticular configuration of Z momenta, and taking small
mχ2 −mχ1 −mX , we see clear kinematic boundaries on
the total �ET . In this plot, we take the total X momen-
tum vector to define the y-axis, such that the vertical
axis displays the component of the �ET parallel to the to-
tal X-momentum. The horizontal axis displays the miss-
ing transverse momentum vector component perpedicu-
lar to the total Z-momentum. As expected, the missing
transverse momentum vector is correlated with the Z-
momenta, with sharp kinematic boundaries determined
by the mass spectrum of the underlying theory.

FIG. 4: (200, 100, 90), 90 degrees between Z’s, and boost
factor of 5 each

We utilize the boosted, collinear limit to create a
test variable whose distribution will yield the masses
of the exotica. In the case of small mass splitting,
∆m = mχ2 −mχ1 −mX , the decay products are not sig-
nificantly relativistic in the rest-frame of the parent, χ2.
This means that in the lab frame, where the χ2 has signif-
icant velocity, the boost factors of all three particles are
nearly the same, and the χ1 particles are aligned along
the direction of the X-momentum. With this approxi-
mation as our motivation, we define “test” 3-momenta
as

��p
a,b

test ≡ �p a,b
Z

mtest
χ1

mX
(11)

where we define an mtest
χ1

for each event by minimizing
the following quantity:

∆ �E2
T (mtest

χ1
) =

�����p
T,total

test −��p
T

exp

���
2

. (12)

This is a simple analytic procedure, as this formula is just
quadratic in mtest

χ1
. Computationally, this is an extremely

fast and easily implementable algorithm.
As a means of quality control, we can veto events in

which ∆ �Emin
T /�E exp

T > �, for some sufficiently small �.
Additionally, the efficiency of such a cut is a measure of
whether or not a given event sample contains the sort
of boosted decay chains in which our method is most
powerful. In Figure 5, we show a scatterplot of mtest and
∆ �Emin

T / �E exp
T for both a highly boosted scenario, where

the mass splitting is very small, and one in which we do
not expect significant collinearity.

FIG. 5: Very boosted case (200, 109.9, 90) / not as boosted
case (200 100 90)

As we shall show below, the mtest distribution inherits
the kinematic feature of the MET cone and has two end-
points that are determined by the masses involved in the
decay. The condition that ∆ �Emin

T /�E exp
T = 0 is equiva-

lent to �p T,total
χ1

= �p T,total
X mtest

χ1
/mX . For simplicity, we

consider the case where X’s are in the transverse plane,

Boost factors are correlated

In the limit             , two boost factors equalβ0 � 1

the ratio mainly depend on     , mildly dependence 
on the boost factor 

θ0

γ

2

between the visible particle X and the direction of mo-
tion of the parent χ2 is then given by

tan θχ2X =
βX

0

γ

�
sin θ0

βX
0 cos θ0 + β

�
. (1)

where θ0 is angle between X and χ2 in the rest frame of
χ2, and β0 is the velocity of X in the rest frame of χ2.
The angle takes on values given by the range

0 ≤ tan θχ2X ≤
βX

0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity β0 is a function of the masses of the three
particles involved:

(βX
0 )2 =

�
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

�
m2

χ2
+ (m2

X −m2
χ1

)
�2

(3)
The angle θχ2χ1 can be obtained by exchanging mX with
mχ1 in the above equations. It is easy to see that a
collinear configuration can be achieved with a large γ,
and also by reducing the available phase space for the
χ2 decay. For fixed boost factor γ = 5 and χ2 mass
mχ2 = 200 GeV, the angle θ as a function of mχ1 and
mX is shown in Fig.2. One can see that the region near
mχ1 ≈ mX ∼ mχ2/2 is favored for small θ.

The boost factor is determined by several variables. As
a simple example, we consider a heavy exotic, with mass
mQ which decays to a massless SM particle (e.g. a jet)
and the NLSP, with mass mχ2 . In the rest frame of Q,
the boost factor of the NLSP is given by

γ =
m2

Q + m2
χ2

2mQmχ2

mQ�mχ2−−−−−−→ 1
2

mQ

mχ2

. (4)

For mQ ∼ 2 TeV and mχ2 ∼ 200 GeV, a boost factor
γ = 5 can be obtained. In practice, many other features
contribute. In the above example, at a hadron collider
the Q particle will be produced with some transverse as
well as longitudinal momentum, which will give a dis-
tribution of boost factors in this process. In addition,
in multistage decay chains, the typical boost factors will
also depend on the mass spectrum of particles participat-
ing in the cascade. In Figure, we show the distribu-
tion of γ’s for some different scenarios

This collinear approximation can be used to extract
additional information about the 4-momenta of χ2 and
χ1,w hich can be used in reconstructing the masses of the
exotica.

The boost factors of X and χ1 in the lab frame are
given by

γχ1 = γ γχ1
0 (1 + β βχ1

0 cos θ) (5)
γX = γ γX

0 (1− β βX
0 cos θ) (6)

Here the boost factor and velocity in the rest frame is
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FIG. 2: Contour Plots of θ in the plan of mX and mχ1 . The
mass of χ2 is fixed mχ2 = 200 GeV. The boost factor γ is
fixed to be 5. What are the values of θ0?
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FIG. 3: Distribution of θ for different pX cuts. The mass of
χ2 is fixed mχ2 = 200 GeV.

given by

γχ1
0 =

m2
χ2

+ m2
χ1
−m2

X

2mχ2mχ1

(7)
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� �
m2

χ2
− (mχ1 −mX)2
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X)
(8)

Given the boost factor γ, the magnitudes of the 3-
momenta of X and χ1 in the lab frame can be written
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between the visible particle X and the direction of mo-
tion of the parent χ2 is then given by

tan θχ2X =
βX

0

γ

�
sin θ0

βX
0 cos θ0 + β
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. (1)

where θ0 is angle between X and χ2 in the rest frame of
χ2, and β0 is the velocity of X in the rest frame of χ2.
The angle takes on values given by the range

0 ≤ tan θχ2X ≤
βX

0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity β0 is a function of the masses of the three
particles involved:

(βX
0 )2 =
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χ2
− (mχ1 + mX)2
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The angle θχ2χ1 can be obtained by exchanging mX with
mχ1 in the above equations. It is easy to see that a
collinear configuration can be achieved with a large γ,
and also by reducing the available phase space for the
χ2 decay. For fixed boost factor γ = 5 and χ2 mass
mχ2 = 200 GeV, the angle θ as a function of mχ1 and
mX is shown in Fig.2. One can see that the region near
mχ1 ≈ mX ∼ mχ2/2 is favored for small θ.

The boost factor is determined by several variables. As
a simple example, we consider a heavy exotic, with mass
mQ which decays to a massless SM particle (e.g. a jet)
and the NLSP, with mass mχ2 . In the rest frame of Q,
the boost factor of the NLSP is given by

γ =
m2

Q + m2
χ2

2mQmχ2

mQ�mχ2−−−−−−→ 1
2

mQ

mχ2

. (4)

For mQ ∼ 2 TeV and mχ2 ∼ 200 GeV, a boost factor
γ = 5 can be obtained. In practice, many other features
contribute. In the above example, at a hadron collider
the Q particle will be produced with some transverse as
well as longitudinal momentum, which will give a dis-
tribution of boost factors in this process. In addition,
in multistage decay chains, the typical boost factors will
also depend on the mass spectrum of particles participat-
ing in the cascade. In Figure, we show the distribu-
tion of γ’s for some different scenarios

This collinear approximation can be used to extract
additional information about the 4-momenta of χ2 and
χ1,w hich can be used in reconstructing the masses of the
exotica.

The boost factors of X and χ1 in the lab frame are
given by

γχ1 = γ γχ1
0 (1 + β βχ1

0 cos θ) (5)
γX = γ γX

0 (1− β βX
0 cos θ) (6)

Here the boost factor and velocity in the rest frame is
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FIG. 2: Contour Plots of θ in the plan of mX and mχ1 . The
mass of χ2 is fixed mχ2 = 200 GeV. The boost factor γ is
fixed to be 5. What are the values of θ0?
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FIG. 3: Distribution of θ for different pX cuts. The mass of
χ2 is fixed mχ2 = 200 GeV.

given by

γχ1
0 =

m2
χ2

+ m2
χ1
−m2

X

2mχ2mχ1

(7)

βχ1
0 =

��
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

m2
χ2

+ (m2
χ1
−m2

X)
(8)

Given the boost factor γ, the magnitudes of the 3-
momenta of X and χ1 in the lab frame can be written
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The angle θχ2X between the visible particle X and the

direction of motion of the parent χ2 is then given by

tan θχ2X =
βX
0

γ

�
sin θ0

βX
0 cos θ0 + β

�
. (1)

where θ0 is angle between X and χ2 in the rest frame of

χ2, and β0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range:

0 ≤ tan θχ2X ≤ βX
0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2. In this scat-

ter plot, we assume an event topology where all �ET arises

from two χ1 particles (i.e. there are no neutrinos in the

event), and that each of the two decay chains terminates

with the NLSP decaying to a Z-boson plus the LSP. We

restrict to a particular configuration of Z momenta. We

have taken the total Z momentum vector to define the y-
axis, reflecting the component of the �ET vector parallel to

the total Z-momentum. The x-axis displays the �ET vec-

tor component perpendicular to the total X-momentum.

As expected, the �ET vector is correlated with the Z-

momenta, with sharp kinematic boundaries determined

by the mass spectrum of the underlying theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

( �ET )y

( �ET )x

FIG. 2: In this scatter plot, we scan (with flat prior) over two
θ0 angles corresponding to two χ2 decays to χ1 + Z. The Z
bosons are in a configuration where each has boost factor 5,
both lie in the transverse plane, and are separated by a 90
degree angle. The masses of the exotica are assumed to be
mχ2 = 200 GeV, mχ1 = 100 GeV.

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:

∆ �E2
T (m

test
χ1

) =

�����p
T,total

test −��p
T

exp

���
2

. (5)

This is an analytic procedure, as this formula is quadratic

inmtest
χ1

. Computation ofmtest
χ1

is therefore fast and easily

implementable.

As a means of quality control, we veto signal events

in which ∆�Emin
T / �E exp

T > �, for some sufficiently small �.
The efficiency of such a cut is itself a rough measure of the

mass splitting. In Figure 3, we show a scatterplot ofmtest
χ1

and ∆ �Emin
T /�E exp

T for both a highly boosted scenario,

where the mass splitting is very small, and one in which

we do not expect significant collinearity. We range over

NLSP boost factors and cos θ0 angles uniformly. From

these figures, one observes that mtest
χ1

has two approxi-

mate endpoints in the small ∆ �Emin
T /�E exp

T region. These

endpoints are a manifestation of the MET-cone bound-

aries when projected onto the transverse plane, which

can be seen from Fig. 4.

The limit � → 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

Given γX
a , γX

b , θX
ab

θbeam, φbeam mχ1 , mχ2 , mX

Parameterize MET by the rest frame angles
θa,0, θb,0, φa,0, φb,0

Finding MET-Cone boundary

For a given visible particle configuration, what is the 
allowed region of MET ? 

χ2 → χ1Z
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The angle θχ2X between the visible particle X and the

direction of motion of the parent χ2 is then given by

tan θχ2X =
βX
0

γ

�
sin θ0

βX
0 cos θ0 + β

�
. (1)

where θ0 is angle between X and χ2 in the rest frame of

χ2, and β0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range:

0 ≤ tan θχ2X ≤ βX
0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2. In this scat-

ter plot, we assume an event topology where all �ET arises

from two χ1 particles (i.e. there are no neutrinos in the

event), and that each of the two decay chains terminates

with the NLSP decaying to a Z-boson plus the LSP. We

restrict to a particular configuration of Z momenta. We

have taken the total Z momentum vector to define the y-
axis, reflecting the component of the �ET vector parallel to

the total Z-momentum. The x-axis displays the �ET vec-

tor component perpendicular to the total X-momentum.

As expected, the �ET vector is correlated with the Z-

momenta, with sharp kinematic boundaries determined

by the mass spectrum of the underlying theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,
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FIG. 2: In this scatter plot, we scan (with flat prior) over two
θ0 angles corresponding to two χ2 decays to χ1 + Z. The Z
bosons are in a configuration where each has boost factor 5,
both lie in the transverse plane, and are separated by a 90
degree angle. The masses of the exotica are assumed to be
mχ2 = 200 GeV, mχ1 = 100 GeV.

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:

∆ �E2
T (m

test
χ1

) =

�����p
T,total

test −��p
T

exp

���
2

. (5)

This is an analytic procedure, as this formula is quadratic

inmtest
χ1

. Computation ofmtest
χ1

is therefore fast and easily

implementable.

As a means of quality control, we veto signal events

in which ∆�Emin
T / �E exp

T > �, for some sufficiently small �.
The efficiency of such a cut is itself a rough measure of the

mass splitting. In Figure 3, we show a scatterplot ofmtest
χ1

and ∆ �Emin
T /�E exp

T for both a highly boosted scenario,

where the mass splitting is very small, and one in which

we do not expect significant collinearity. We range over

NLSP boost factors and cos θ0 angles uniformly. From

these figures, one observes that mtest
χ1

has two approxi-

mate endpoints in the small ∆ �Emin
T /�E exp

T region. These

endpoints are a manifestation of the MET-cone bound-

aries when projected onto the transverse plane, which

can be seen from Fig. 4.

The limit � → 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

γX
a,b = 5 θX

ab = π/2 θbeam = 0

A simple example: 

No analytic formula for the boundary. 
Need sampling the phase space 

No need to know the 
boost factor of NLSP!
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MET-cone: application for mass measurement

MET

d

The correct masses are those that lead to the 
smallest MET-cone that enclose all the MET points

For a set of events and trial masses, the MET-cone boundary 
can be determined by the Z momenta event-by-event.

dmin → 0

More systematically, compare the statistical likelihood of a 
MET data under different mass hypotheses.

Detailed numerical evaluation of this 
method is under investigation. 
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Quick Summary

MET-cone method is different from other methods; only need 
information of the visible particles in the final-step decay and 
MET

Although motivated from boosted decay chain, the general idea 
of the method doesn’t require boost.

It should work best in the boosted case

Is there a simple way to access the power of MET-cone?

Yes, We can construct a variable independent of the X 
momenta, and has lower and upper endpoints.
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where θ0 is angle between X and χ2 in the rest frame of

χ2, and βX
0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range (for βX
0 < β):

0 ≤ tan θχ2X ≤
βX

0

γβ

1�
1− (βX

0 /β)2

γ�1−−−→ βX
0 γX

0

γ
. (2)

The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2, where we

display the region allowed for the total �ET vector in each

event for given NLSP and LSP masses. We assume an

event topology where all �ET arises from two χ1 particles

(i.e. there are no neutrinos in the event), and that each

of the two decay chains terminates with the NLSP decay-

ing to a Z-boson plus the LSP. We restrict to a particular

configuration of Z momenta. The y-axis reflects the com-

ponent of the �ET vector parallel to the total transverse

Z-momentum while the x-axis displays the remaining �ET

vector component. As expected, the total �ET vector is

correlated with the Z-momenta, with kinematic bound-

aries determined by the mass spectrum of the underlying

theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with
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FIG. 2: In this figure we display the MET-cone boundary for
different NLSP and LSP masses (keeping the mass splitting
constant). The total �ET vector must lie within the boundary
for particular choices of exotica masses. The Z bosons are in
a configuration where each has boost factor 5, both lie in the
transverse plane, and are separated by a 90 degree angle.

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:

∆ �E2
T (mtest

χ1
) =

�����p
T,total

test −��p
T

exp

���
2

. (5)

This is an analytic procedure, as this formula is quadratic

in mtest
χ1

. The minimization results are given by mtest
χ1

=

mX
��pT,y/ptot

X,T and ∆�Emin
T /�ET =

�����pT,x/�ET

���. The vari-

ables mtest
χ1

and ∆ �Emin
T /�ET rescale respectively the y and

x components of the �ET vector event-by-event.

As a means of quality control, we veto signal events

in which ∆ �Emin
T /�ET > �, for some sufficiently small �.

The efficiency of such a cut is itself a rough measure of

the mass splitting. In Figure 3, we show rescaled MET-

cones in the mtest
χ1

vs ∆ �Emin
T /�ET plane for both a scenario

where the mass splitting is very small, and another where

an O(10%) splitting is assumed. From these figures, one

observes that mtest
χ1

has two approximate endpoints in

the small ∆ �Emin
T / �ET region, where the cones all inter-

sect the mtest
χ1

axis. These endpoints are a manifestation

of the MET-cone boundaries when projected onto the

transverse plane, as illustrated in Figure 4.

The limit �→ 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

limit, one can express mtest
χ1

in terms of the measurable

parameters of the event. The result can be written as

an expansion in the angular separation between X and

χ1 for both sides of the decay chain, θa,b
, in the near-

collinear case. In a configuration where both X’s are in
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FIG. 3: In these two plots, we compare the rescaled MET-
cones of two scenarios with decay χ2 → χ1Z, with identi-
cal χ2 mass (200 GeV). In the top (bottom) plot, we take
∆m = mχ2 − (mχ1 + mZ) = 1 GeV(10 GeV). Different
contours correspond to randomly chosen Z-momentum con-
figurations. Note that mtest

χ1 has two endpoints in the small

∆ �Emin
T /�ET region. In addition, the very small mass splitting

scenario (top) predominantly occupies a much narrower range
of ∆ �Emin

T /�ET .

the transverse plane, we obtain a relatively clean result:

mtest
χ1

≈ mχ1

γχ1
0

γX
0

1 + β βχ1
0 cos θa

0

1− β βX
0 cos θa

0

×
�
1− cot θX

ab cos φaθa + csc θX
ab cos φbθb

�
, (6)

where β and γ refer to the NLSP in the a-chain, and
βX

0 ≈ βχ1
0 is used. Here (θa, φa) are the spherical coor-

dinates of �p a
χ1

in the lab frame where the z-axis is along
the �p a

X ; θX
ab is the angle between �p a

X and �p b
X . At zeroth

order in the θa,b expansion, the endpoints of mtest
χ1

are
given by:

mtest
± ≈ mχ1

γχ1
0

γX
0

1± βχ1
0

1∓ βX
0

, (7)

which are achieved when θa
0 = 0 and π respectively, i.e.

χ1 moving forward or backward along the χ2 boost di-
rection in its rest frame. The range of mtest

χ1
becomes

smaller as the phase space for the χ2 decay shrinks. In
the relativistic limit, β ∼ 1, the endpoint positions mtest

±
approximately determine the unknown masses mχ1 and
mχ2 .
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FIG. 4: Illustration of the MET cone and its relation to the
mtest

χ1 variable.

Now let us discuss the non-collinear corrections to
the endpoint positions from Eq. (6). First we note
that θa depends on θa

0 and in the near-collinear case
it does not shift the endpoint positions. The domi-
nant contribution comes from θb which is independent
of θa

0 and gives rise to a shift of the endpoint position
∆mtest

± ≈ ±mtest
± csc θX

ab θb. Since θb follows a distribu-
tion determined by the kinematics of the decay, it leads
to a smearing of the distribution near these endpoints.
In the near-collinear case, the variation of θb around the
central value is small, and smearing is minimal.

In the general case where the X’s are not in the trans-
verse plane, one needs to project the MET cone into the
transverse plane and then impose the alignment condi-
tion. One can still express the result in a collinear expan-
sion. The zeroth-order result remains the same as that in
Eq. (6). However, the higher order expansion coefficients
are modified by trigonometric functions expected to be
of order one.

In summary, if the endpoint positions of the mtest
χ1

dis-
tribution are measured from the data, we can find so-
lutions for the masses of the LSP and NLSP using the
relation in Eq. (7).

Numerical Results — We now explore the effective-
ness of the mtest

χ1
method using Monte-Carlo simulation.

We consider squark pair production q̃Lq̃L followed by the
decays q̃L → qχ̃2 → qχ̃1Z in SUSY models. We consider
the four spectra shown in Table I. For each of these

Model mχ1 mχ2 mq̃L (mtest
− )theo (mtest

+ )theo

1 100 200 1000 54.6 183.2

2 100 250 1250 21.6 463.0

3 200 300 1000 117.9 339.2

4 200 350 1250 52.6 761.0

TABLE I: The relevant masses in four SUSY models and the
expected endpoints (mtest

± )theo. Masses are given in GeV.

models, we simulate 20k events of squark pair produc-
tion and decay in pp collisions at

√
s = 14 TeV in Mad-

Graph [13] using the 2 → 6 matrix element. Events are
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where θ0 is angle between X and χ2 in the rest frame of

χ2, and βX
0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range (for βX
0 < β):

0 ≤ tan θχ2X ≤
βX

0

γβ

1�
1− (βX

0 /β)2

γ�1−−−→ βX
0 γX

0

γ
. (2)

The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2, where we

display the region allowed for the total �ET vector in each

event for given NLSP and LSP masses. We assume an

event topology where all �ET arises from two χ1 particles

(i.e. there are no neutrinos in the event), and that each

of the two decay chains terminates with the NLSP decay-

ing to a Z-boson plus the LSP. We restrict to a particular

configuration of Z momenta. The y-axis reflects the com-

ponent of the �ET vector parallel to the total transverse

Z-momentum while the x-axis displays the remaining �ET

vector component. As expected, the total �ET vector is

correlated with the Z-momenta, with kinematic bound-

aries determined by the mass spectrum of the underlying

theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with
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FIG. 2: In this figure we display the MET-cone boundary for
different NLSP and LSP masses (keeping the mass splitting
constant). The total �ET vector must lie within the boundary
for particular choices of exotica masses. The Z bosons are in
a configuration where each has boost factor 5, both lie in the
transverse plane, and are separated by a 90 degree angle.

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:

∆ �E2
T (mtest

χ1
) =

�����p
T,total

test −��p
T

exp

���
2

. (5)

This is an analytic procedure, as this formula is quadratic

in mtest
χ1

. The minimization results are given by mtest
χ1

=

mX
��pT,y/ptot

X,T and ∆�Emin
T /�ET =

�����pT,x/�ET

���. The vari-

ables mtest
χ1

and ∆ �Emin
T /�ET rescale respectively the y and

x components of the �ET vector event-by-event.

As a means of quality control, we veto signal events

in which ∆ �Emin
T /�ET > �, for some sufficiently small �.

The efficiency of such a cut is itself a rough measure of

the mass splitting. In Figure 3, we show rescaled MET-

cones in the mtest
χ1

vs ∆ �Emin
T /�ET plane for both a scenario

where the mass splitting is very small, and another where

an O(10%) splitting is assumed. From these figures, one

observes that mtest
χ1

has two approximate endpoints in

the small ∆ �Emin
T / �ET region, where the cones all inter-

sect the mtest
χ1

axis. These endpoints are a manifestation

of the MET-cone boundaries when projected onto the

transverse plane, as illustrated in Figure 4.

The limit �→ 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

limit, one can express mtest
χ1

in terms of the measurable

parameters of the event. The result can be written as

an expansion in the angular separation between X and

χ1 for both sides of the decay chain, θa,b
, in the near-

collinear case. In a configuration where both X’s are in
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where θ0 is angle between X and χ2 in the rest frame of

χ2, and βX
0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range (for βX
0 < β):

0 ≤ tan θχ2X ≤
βX

0

γβ
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1− (βX

0 /β)2

γ�1−−−→ βX
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0
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The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2, where we

display the region allowed for the total �ET vector in each

event for given NLSP and LSP masses. We assume an

event topology where all �ET arises from two χ1 particles

(i.e. there are no neutrinos in the event), and that each

of the two decay chains terminates with the NLSP decay-

ing to a Z-boson plus the LSP. We restrict to a particular

configuration of Z momenta. The y-axis reflects the com-

ponent of the �ET vector parallel to the total transverse

Z-momentum while the x-axis displays the remaining �ET

vector component. As expected, the total �ET vector is

correlated with the Z-momenta, with kinematic bound-

aries determined by the mass spectrum of the underlying

theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with
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FIG. 2: In this figure we display the MET-cone boundary for
different NLSP and LSP masses (keeping the mass splitting
constant). The total �ET vector must lie within the boundary
for particular choices of exotica masses. The Z bosons are in
a configuration where each has boost factor 5, both lie in the
transverse plane, and are separated by a 90 degree angle.

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:

∆ �E2
T (mtest

χ1
) =

�����p
T,total

test −��p
T

exp

���
2

. (5)

This is an analytic procedure, as this formula is quadratic

in mtest
χ1

. The minimization results are given by mtest
χ1

=

mX
��pT,y/ptot

X,T and ∆�Emin
T /�ET =

�����pT,x/�ET

���. The vari-

ables mtest
χ1

and ∆ �Emin
T /�ET rescale respectively the y and

x components of the �ET vector event-by-event.

As a means of quality control, we veto signal events

in which ∆ �Emin
T /�ET > �, for some sufficiently small �.

The efficiency of such a cut is itself a rough measure of

the mass splitting. In Figure 3, we show rescaled MET-

cones in the mtest
χ1

vs ∆ �Emin
T /�ET plane for both a scenario

where the mass splitting is very small, and another where

an O(10%) splitting is assumed. From these figures, one

observes that mtest
χ1

has two approximate endpoints in

the small ∆ �Emin
T / �ET region, where the cones all inter-

sect the mtest
χ1

axis. These endpoints are a manifestation

of the MET-cone boundaries when projected onto the

transverse plane, as illustrated in Figure 4.

The limit �→ 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

limit, one can express mtest
χ1

in terms of the measurable

parameters of the event. The result can be written as

an expansion in the angular separation between X and

χ1 for both sides of the decay chain, θa,b
, in the near-

collinear case. In a configuration where both X’s are in
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where θ0 is angle between X and χ2 in the rest frame of

χ2, and βX
0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range (for βX
0 < β):

0 ≤ tan θχ2X ≤
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The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2, where we

display the region allowed for the total �ET vector in each

event for given NLSP and LSP masses. We assume an

event topology where all �ET arises from two χ1 particles

(i.e. there are no neutrinos in the event), and that each

of the two decay chains terminates with the NLSP decay-

ing to a Z-boson plus the LSP. We restrict to a particular

configuration of Z momenta. The y-axis reflects the com-

ponent of the �ET vector parallel to the total transverse

Z-momentum while the x-axis displays the remaining �ET

vector component. As expected, the total �ET vector is

correlated with the Z-momenta, with kinematic bound-

aries determined by the mass spectrum of the underlying

theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with
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FIG. 2: In this figure we display the MET-cone boundary for
different NLSP and LSP masses (keeping the mass splitting
constant). The total �ET vector must lie within the boundary
for particular choices of exotica masses. The Z bosons are in
a configuration where each has boost factor 5, both lie in the
transverse plane, and are separated by a 90 degree angle.

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as
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with mtest
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defined for each event by minimization of the

following quantity:
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. The minimization results are given by mtest
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=
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ables mtest
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and ∆ �Emin
T /�ET rescale respectively the y and

x components of the �ET vector event-by-event.

As a means of quality control, we veto signal events

in which ∆ �Emin
T /�ET > �, for some sufficiently small �.

The efficiency of such a cut is itself a rough measure of

the mass splitting. In Figure 3, we show rescaled MET-

cones in the mtest
χ1

vs ∆ �Emin
T /�ET plane for both a scenario

where the mass splitting is very small, and another where

an O(10%) splitting is assumed. From these figures, one

observes that mtest
χ1

has two approximate endpoints in

the small ∆ �Emin
T / �ET region, where the cones all inter-

sect the mtest
χ1

axis. These endpoints are a manifestation

of the MET-cone boundaries when projected onto the

transverse plane, as illustrated in Figure 4.

The limit �→ 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

limit, one can express mtest
χ1

in terms of the measurable

parameters of the event. The result can be written as

an expansion in the angular separation between X and

χ1 for both sides of the decay chain, θa,b
, in the near-

collinear case. In a configuration where both X’s are in

3

�0.2 �0.1 0.0 0.1 0.2

50

100

150

200

250
mtest

χ1
(GeV)

��pT,x/�ET

�0.6 �0.4 �0.2 0.0 0.2 0.4 0.6

50

100

150

200

250 mtest
χ1

(GeV)

��pT,x/�ET

FIG. 3: In these two plots, we compare the rescaled MET-
cones of two scenarios with decay χ2 → χ1Z, with identi-
cal χ2 mass (200 GeV). In the top (bottom) plot, we take
∆m = mχ2 − (mχ1 + mZ) = 1 GeV(10 GeV). Different
contours correspond to randomly chosen Z-momentum con-
figurations. Note that mtest

χ1 has two endpoints in the small

∆ �Emin
T /�ET region. In addition, the very small mass splitting

scenario (top) predominantly occupies a much narrower range
of ∆ �Emin

T /�ET .

the transverse plane, we obtain a relatively clean result:

mtest
χ1

≈ mχ1

γχ1
0

γX
0

1 + β βχ1
0 cos θa

0

1− β βX
0 cos θa

0

×
�
1− cot θX

ab cos φaθa + csc θX
ab cos φbθb

�
, (6)

where β and γ refer to the NLSP in the a-chain, and
βX

0 ≈ βχ1
0 is used. Here (θa, φa) are the spherical coor-

dinates of �p a
χ1

in the lab frame where the z-axis is along
the �p a

X ; θX
ab is the angle between �p a

X and �p b
X . At zeroth

order in the θa,b expansion, the endpoints of mtest
χ1

are
given by:

mtest
± ≈ mχ1

γχ1
0

γX
0

1± βχ1
0

1∓ βX
0

, (7)

which are achieved when θa
0 = 0 and π respectively, i.e.

χ1 moving forward or backward along the χ2 boost di-
rection in its rest frame. The range of mtest

χ1
becomes

smaller as the phase space for the χ2 decay shrinks. In
the relativistic limit, β ∼ 1, the endpoint positions mtest

±
approximately determine the unknown masses mχ1 and
mχ2 .
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FIG. 4: Illustration of the MET cone and its relation to the
mtest

χ1 variable.

Now let us discuss the non-collinear corrections to
the endpoint positions from Eq. (6). First we note
that θa depends on θa

0 and in the near-collinear case
it does not shift the endpoint positions. The domi-
nant contribution comes from θb which is independent
of θa

0 and gives rise to a shift of the endpoint position
∆mtest

± ≈ ±mtest
± csc θX

ab θb. Since θb follows a distribu-
tion determined by the kinematics of the decay, it leads
to a smearing of the distribution near these endpoints.
In the near-collinear case, the variation of θb around the
central value is small, and smearing is minimal.

In the general case where the X’s are not in the trans-
verse plane, one needs to project the MET cone into the
transverse plane and then impose the alignment condi-
tion. One can still express the result in a collinear expan-
sion. The zeroth-order result remains the same as that in
Eq. (6). However, the higher order expansion coefficients
are modified by trigonometric functions expected to be
of order one.

In summary, if the endpoint positions of the mtest
χ1

dis-
tribution are measured from the data, we can find so-
lutions for the masses of the LSP and NLSP using the
relation in Eq. (7).

Numerical Results — We now explore the effective-
ness of the mtest

χ1
method using Monte-Carlo simulation.

We consider squark pair production q̃Lq̃L followed by the
decays q̃L → qχ̃2 → qχ̃1Z in SUSY models. We consider
the four spectra shown in Table I. For each of these

Model mχ1 mχ2 mq̃L (mtest
− )theo (mtest

+ )theo

1 100 200 1000 54.6 183.2

2 100 250 1250 21.6 463.0

3 200 300 1000 117.9 339.2

4 200 350 1250 52.6 761.0

TABLE I: The relevant masses in four SUSY models and the
expected endpoints (mtest

± )theo. Masses are given in GeV.

models, we simulate 20k events of squark pair produc-
tion and decay in pp collisions at

√
s = 14 TeV in Mad-

Graph [13] using the 2 → 6 matrix element. Events are

2

where θ0 is angle between X and χ2 in the rest frame of

χ2, and βX
0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range (for βX
0 < β):

0 ≤ tan θχ2X ≤
βX

0

γβ

1�
1− (βX

0 /β)2

γ�1−−−→ βX
0 γX

0

γ
. (2)

The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2, where we

display the region allowed for the total �ET vector in each

event for given NLSP and LSP masses. We assume an

event topology where all �ET arises from two χ1 particles

(i.e. there are no neutrinos in the event), and that each

of the two decay chains terminates with the NLSP decay-

ing to a Z-boson plus the LSP. We restrict to a particular

configuration of Z momenta. The y-axis reflects the com-

ponent of the �ET vector parallel to the total transverse

Z-momentum while the x-axis displays the remaining �ET

vector component. As expected, the total �ET vector is

correlated with the Z-momenta, with kinematic bound-

aries determined by the mass spectrum of the underlying

theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with
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FIG. 2: In this figure we display the MET-cone boundary for
different NLSP and LSP masses (keeping the mass splitting
constant). The total �ET vector must lie within the boundary
for particular choices of exotica masses. The Z bosons are in
a configuration where each has boost factor 5, both lie in the
transverse plane, and are separated by a 90 degree angle.

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:

∆ �E2
T (mtest

χ1
) =

�����p
T,total

test −��p
T

exp

���
2

. (5)

This is an analytic procedure, as this formula is quadratic

in mtest
χ1

. The minimization results are given by mtest
χ1

=

mX
��pT,y/ptot

X,T and ∆�Emin
T /�ET =

�����pT,x/�ET

���. The vari-

ables mtest
χ1

and ∆ �Emin
T /�ET rescale respectively the y and

x components of the �ET vector event-by-event.

As a means of quality control, we veto signal events

in which ∆ �Emin
T /�ET > �, for some sufficiently small �.

The efficiency of such a cut is itself a rough measure of

the mass splitting. In Figure 3, we show rescaled MET-

cones in the mtest
χ1

vs ∆ �Emin
T /�ET plane for both a scenario

where the mass splitting is very small, and another where

an O(10%) splitting is assumed. From these figures, one

observes that mtest
χ1

has two approximate endpoints in

the small ∆ �Emin
T / �ET region, where the cones all inter-

sect the mtest
χ1

axis. These endpoints are a manifestation

of the MET-cone boundaries when projected onto the

transverse plane, as illustrated in Figure 4.

The limit �→ 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

limit, one can express mtest
χ1

in terms of the measurable

parameters of the event. The result can be written as

an expansion in the angular separation between X and

χ1 for both sides of the decay chain, θa,b
, in the near-

collinear case. In a configuration where both X’s are in

2

where θ0 is angle between X and χ2 in the rest frame of

χ2, and βX
0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range (for βX
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The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2, where we

display the region allowed for the total �ET vector in each

event for given NLSP and LSP masses. We assume an

event topology where all �ET arises from two χ1 particles

(i.e. there are no neutrinos in the event), and that each

of the two decay chains terminates with the NLSP decay-

ing to a Z-boson plus the LSP. We restrict to a particular

configuration of Z momenta. The y-axis reflects the com-

ponent of the �ET vector parallel to the total transverse

Z-momentum while the x-axis displays the remaining �ET

vector component. As expected, the total �ET vector is

correlated with the Z-momenta, with kinematic bound-

aries determined by the mass spectrum of the underlying

theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with
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FIG. 2: In this figure we display the MET-cone boundary for
different NLSP and LSP masses (keeping the mass splitting
constant). The total �ET vector must lie within the boundary
for particular choices of exotica masses. The Z bosons are in
a configuration where each has boost factor 5, both lie in the
transverse plane, and are separated by a 90 degree angle.

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:

∆ �E2
T (mtest

χ1
) =
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T,total

test −��p
T

exp

���
2

. (5)

This is an analytic procedure, as this formula is quadratic

in mtest
χ1

. The minimization results are given by mtest
χ1

=

mX
��pT,y/ptot

X,T and ∆�Emin
T /�ET =

�����pT,x/�ET

���. The vari-

ables mtest
χ1

and ∆ �Emin
T /�ET rescale respectively the y and

x components of the �ET vector event-by-event.

As a means of quality control, we veto signal events

in which ∆ �Emin
T /�ET > �, for some sufficiently small �.

The efficiency of such a cut is itself a rough measure of

the mass splitting. In Figure 3, we show rescaled MET-

cones in the mtest
χ1

vs ∆ �Emin
T /�ET plane for both a scenario

where the mass splitting is very small, and another where

an O(10%) splitting is assumed. From these figures, one

observes that mtest
χ1

has two approximate endpoints in

the small ∆ �Emin
T / �ET region, where the cones all inter-

sect the mtest
χ1

axis. These endpoints are a manifestation

of the MET-cone boundaries when projected onto the

transverse plane, as illustrated in Figure 4.

The limit �→ 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

limit, one can express mtest
χ1

in terms of the measurable

parameters of the event. The result can be written as

an expansion in the angular separation between X and

χ1 for both sides of the decay chain, θa,b
, in the near-

collinear case. In a configuration where both X’s are in

mtest
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where θ0 is angle between X and χ2 in the rest frame of

χ2, and βX
0 is the velocity of X in the rest frame of χ2.

The angle takes on values in the range (for βX
0 < β):

0 ≤ tan θχ2X ≤
βX

0
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1− (βX

0 /β)2

γ�1−−−→ βX
0 γX

0

γ
. (2)

The velocity βX
0 is a function of the masses of the three

particles involved, and it characterizes the allowed phase

space of the χ2 decay. The angle θχ2χ1 can be obtained

by exchanging mX with mχ1 in the above equations. A

collinear configuration is achieved with a large γ, and

with narrow phase space for the χ2 decay.

The χ2 boost factor is determined by several variables.

As a simple example, we consider a heavy exotic, with

mass mQ which decays to a massless SM particle (e.g. a

jet) and the NLSP, with mass mχ2 . For mQ ∼ 2 TeV

and mχ2 ∼ 200 GeV, a boost factor of γ = 5 is achieved

in the rest frame of Q. However, at a hadron collider the

Q particle will be produced with some transverse as well

as longitudinal momentum, providing a distribution of

boost factors. In addition, in multistage decay chains, the

typical boost factors will depend on the mass spectrum

of particles participating in the cascade.

The boost factors of X and χ1 in the lab frame are

given by

γχ1, X = γ γχ1, X
0 (1± β βχ1, X

0 cos θ0) (3)

The magnitudes of the 3-momenta of X and χ1 in the

lab frame can be written as pχ1 = γχ1βχ1mχ1 and pX =

γXβXmX .

Eq.’s (2,3), define a kinematic boundary on the con-

tribution of one χ1 to the total �ET . These kinematic

endpoints persist when there are two χ1 particles in a

single event. We illustrate this in Figure 2, where we

display the region allowed for the total �ET vector in each

event for given NLSP and LSP masses. We assume an

event topology where all �ET arises from two χ1 particles

(i.e. there are no neutrinos in the event), and that each

of the two decay chains terminates with the NLSP decay-

ing to a Z-boson plus the LSP. We restrict to a particular

configuration of Z momenta. The y-axis reflects the com-

ponent of the �ET vector parallel to the total transverse

Z-momentum while the x-axis displays the remaining �ET

vector component. As expected, the total �ET vector is

correlated with the Z-momenta, with kinematic bound-

aries determined by the mass spectrum of the underlying

theory.

The mtest
χ1

variable — We utilize the collinear limit

to inspire a test variable whose distribution yields the

masses of the exotica. In the case of small mass splitting,

∆m = mχ2 − mχ1 − mX , the decay products are not

significantly relativistic in the rest-frame of the parent,

χ2. Thus in the lab frame, where the χ2 has relativistic

velocity, the boost factors of all three particles are nearly

the same, and the χ1 particles are closely aligned with
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FIG. 2: In this figure we display the MET-cone boundary for
different NLSP and LSP masses (keeping the mass splitting
constant). The total �ET vector must lie within the boundary
for particular choices of exotica masses. The Z bosons are in
a configuration where each has boost factor 5, both lie in the
transverse plane, and are separated by a 90 degree angle.

the X-momenta. With this scenario as our motivation,

we define “test” missing 3-momenta as

��p
a,b

test ≡ �p a,b
X

mtest
χ1

mX
, (4)

with mtest
χ1

defined for each event by minimization of the

following quantity:
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T (mtest

χ1
) =
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T,total
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exp
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2

. (5)

This is an analytic procedure, as this formula is quadratic

in mtest
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. The minimization results are given by mtest
χ1

=
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X,T and ∆�Emin
T /�ET =

�����pT,x/�ET

���. The vari-

ables mtest
χ1

and ∆ �Emin
T /�ET rescale respectively the y and

x components of the �ET vector event-by-event.

As a means of quality control, we veto signal events

in which ∆ �Emin
T /�ET > �, for some sufficiently small �.

The efficiency of such a cut is itself a rough measure of

the mass splitting. In Figure 3, we show rescaled MET-

cones in the mtest
χ1

vs ∆ �Emin
T /�ET plane for both a scenario

where the mass splitting is very small, and another where

an O(10%) splitting is assumed. From these figures, one

observes that mtest
χ1

has two approximate endpoints in

the small ∆ �Emin
T / �ET region, where the cones all inter-

sect the mtest
χ1

axis. These endpoints are a manifestation

of the MET-cone boundaries when projected onto the

transverse plane, as illustrated in Figure 4.

The limit �→ 0 is equivalent to an alignment condition

on the momenta: �p T,total
χ1

→ �p T,total
X mtest

χ1
/mX . In this

limit, one can express mtest
χ1

in terms of the measurable

parameters of the event. The result can be written as

an expansion in the angular separation between X and

χ1 for both sides of the decay chain, θa,b
, in the near-

collinear case. In a configuration where both X’s are in
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FIG. 3: In these two plots, we compare the rescaled MET-
cones of two scenarios with decay χ2 → χ1Z, with identi-
cal χ2 mass (200 GeV). In the top (bottom) plot, we take
∆m = mχ2 − (mχ1 + mZ) = 1 GeV(10 GeV). Different
contours correspond to randomly chosen Z-momentum con-
figurations. Note that mtest

χ1 has two endpoints in the small

∆ �Emin
T /�ET region. In addition, the very small mass splitting

scenario (top) predominantly occupies a much narrower range
of ∆ �Emin

T /�ET .

the transverse plane, we obtain a relatively clean result:

mtest
χ1

≈ mχ1

γχ1
0

γX
0

1 + β βχ1
0 cos θa

0

1− β βX
0 cos θa

0

×
�
1− cot θX

ab cos φaθa + csc θX
ab cos φbθb

�
, (6)

where β and γ refer to the NLSP in the a-chain, and
βX

0 ≈ βχ1
0 is used. Here (θa, φa) are the spherical coor-

dinates of �p a
χ1

in the lab frame where the z-axis is along
the �p a

X ; θX
ab is the angle between �p a

X and �p b
X . At zeroth

order in the θa,b expansion, the endpoints of mtest
χ1

are
given by:

mtest
± ≈ mχ1

γχ1
0

γX
0

1± βχ1
0

1∓ βX
0

, (7)

which are achieved when θa
0 = 0 and π respectively, i.e.

χ1 moving forward or backward along the χ2 boost di-
rection in its rest frame. The range of mtest

χ1
becomes

smaller as the phase space for the χ2 decay shrinks. In
the relativistic limit, β ∼ 1, the endpoint positions mtest

±
approximately determine the unknown masses mχ1 and
mχ2 .
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FIG. 4: Illustration of the MET cone and its relation to the
mtest

χ1 variable.

Now let us discuss the non-collinear corrections to
the endpoint positions from Eq. (6). First we note
that θa depends on θa

0 and in the near-collinear case
it does not shift the endpoint positions. The domi-
nant contribution comes from θb which is independent
of θa

0 and gives rise to a shift of the endpoint position
∆mtest

± ≈ ±mtest
± csc θX

ab θb. Since θb follows a distribu-
tion determined by the kinematics of the decay, it leads
to a smearing of the distribution near these endpoints.
In the near-collinear case, the variation of θb around the
central value is small, and smearing is minimal.

In the general case where the X’s are not in the trans-
verse plane, one needs to project the MET cone into the
transverse plane and then impose the alignment condi-
tion. One can still express the result in a collinear expan-
sion. The zeroth-order result remains the same as that in
Eq. (6). However, the higher order expansion coefficients
are modified by trigonometric functions expected to be
of order one.

In summary, if the endpoint positions of the mtest
χ1

dis-
tribution are measured from the data, we can find so-
lutions for the masses of the LSP and NLSP using the
relation in Eq. (7).

Numerical Results — We now explore the effective-
ness of the mtest

χ1
method using Monte-Carlo simulation.

We consider squark pair production q̃Lq̃L followed by the
decays q̃L → qχ̃2 → qχ̃1Z in SUSY models. We consider
the four spectra shown in Table I. For each of these

Model mχ1 mχ2 mq̃L (mtest
− )theo (mtest

+ )theo

1 100 200 1000 54.6 183.2

2 100 250 1250 21.6 463.0

3 200 300 1000 117.9 339.2

4 200 350 1250 52.6 761.0

TABLE I: The relevant masses in four SUSY models and the
expected endpoints (mtest

± )theo. Masses are given in GeV.

models, we simulate 20k events of squark pair produc-
tion and decay in pp collisions at

√
s = 14 TeV in Mad-

Graph [13] using the 2 → 6 matrix element. Events are
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FIG. 3: In these two plots, we compare the rescaled MET-
cones of two scenarios with decay χ2 → χ1Z, with identi-
cal χ2 mass (200 GeV). In the top (bottom) plot, we take
∆m = mχ2 − (mχ1 + mZ) = 1 GeV(10 GeV). Different
contours correspond to randomly chosen Z-momentum con-
figurations. Note that mtest

χ1 has two endpoints in the small

∆ �Emin
T /�ET region. In addition, the very small mass splitting

scenario (top) predominantly occupies a much narrower range
of ∆ �Emin

T /�ET .

the transverse plane, we obtain a relatively clean result:

mtest
χ1

≈ mχ1

γχ1
0

γX
0

1 + β βχ1
0 cos θa

0

1− β βX
0 cos θa

0

×
�
1− cot θX

ab cos φaθa + csc θX
ab cos φbθb

�
, (6)

where β and γ refer to the NLSP in the a-chain, and
βX

0 ≈ βχ1
0 is used. Here (θa, φa) are the spherical coor-

dinates of �p a
χ1

in the lab frame where the z-axis is along
the �p a

X ; θX
ab is the angle between �p a

X and �p b
X . At zeroth

order in the θa,b expansion, the endpoints of mtest
χ1

are
given by:

mtest
± ≈ mχ1

γχ1
0

γX
0

1± βχ1
0

1∓ βX
0

, (7)

which are achieved when θa
0 = 0 and π respectively, i.e.

χ1 moving forward or backward along the χ2 boost di-
rection in its rest frame. The range of mtest

χ1
becomes

smaller as the phase space for the χ2 decay shrinks. In
the relativistic limit, β ∼ 1, the endpoint positions mtest

±
approximately determine the unknown masses mχ1 and
mχ2 .
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FIG. 4: Illustration of the MET cone and its relation to the
mtest

χ1 variable.

Now let us discuss the non-collinear corrections to
the endpoint positions from Eq. (6). First we note
that θa depends on θa

0 and in the near-collinear case
it does not shift the endpoint positions. The domi-
nant contribution comes from θb which is independent
of θa

0 and gives rise to a shift of the endpoint position
∆mtest

± ≈ ±mtest
± csc θX

ab θb. Since θb follows a distribu-
tion determined by the kinematics of the decay, it leads
to a smearing of the distribution near these endpoints.
In the near-collinear case, the variation of θb around the
central value is small, and smearing is minimal.

In the general case where the X’s are not in the trans-
verse plane, one needs to project the MET cone into the
transverse plane and then impose the alignment condi-
tion. One can still express the result in a collinear expan-
sion. The zeroth-order result remains the same as that in
Eq. (6). However, the higher order expansion coefficients
are modified by trigonometric functions expected to be
of order one.

In summary, if the endpoint positions of the mtest
χ1

dis-
tribution are measured from the data, we can find so-
lutions for the masses of the LSP and NLSP using the
relation in Eq. (7).

Numerical Results — We now explore the effective-
ness of the mtest

χ1
method using Monte-Carlo simulation.

We consider squark pair production q̃Lq̃L followed by the
decays q̃L → qχ̃2 → qχ̃1Z in SUSY models. We consider
the four spectra shown in Table I. For each of these

Model mχ1 mχ2 mq̃L (mtest
− )theo (mtest

+ )theo

1 100 200 1000 54.6 183.2

2 100 250 1250 21.6 463.0

3 200 300 1000 117.9 339.2

4 200 350 1250 52.6 761.0

TABLE I: The relevant masses in four SUSY models and the
expected endpoints (mtest

± )theo. Masses are given in GeV.

models, we simulate 20k events of squark pair produc-
tion and decay in pp collisions at

√
s = 14 TeV in Mad-

Graph [13] using the 2 → 6 matrix element. Events are

Rescaled MET-cone

After rescaling, endpoints are fixed for all events !
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as

pχ1 = γχ1βχ1mχ1 (9)
pX = γXβXmX . (10)

From Eq.’s (2,5,6), we see that for a given Z-
momentum, there is a kinematic limit on the range of
energies and directions for a �ET . We illustrate this in
Figure 4. In this scatter plot, we assume a full event
structure where all �ET arises from the χ1 particle (i.e.
there are no neutrinos in the event), and that each of
the two decay chains terminates with the NLSP decay-
ing to a X particle plus the LSP. We restrict to a par-
ticular configuration of Z momenta, and taking small
mχ2 −mχ1 −mX , we see clear kinematic boundaries on
the total �ET . In this plot, we take the total X momen-
tum vector to define the y-axis, such that the vertical
axis displays the component of the �ET parallel to the to-
tal X-momentum. The horizontal axis displays the miss-
ing transverse momentum vector component perpedicu-
lar to the total Z-momentum. As expected, the missing
transverse momentum vector is correlated with the Z-
momenta, with sharp kinematic boundaries determined
by the mass spectrum of the underlying theory.

FIG. 4: (200, 100, 90), 90 degrees between Z’s, and boost
factor of 5 each

We utilize the boosted, collinear limit to create a
test variable whose distribution will yield the masses
of the exotica. In the case of small mass splitting,
∆m = mχ2 −mχ1 −mX , the decay products are not sig-
nificantly relativistic in the rest-frame of the parent, χ2.
This means that in the lab frame, where the χ2 has signif-
icant velocity, the boost factors of all three particles are
nearly the same, and the χ1 particles are aligned along
the direction of the X-momentum. With this approxi-
mation as our motivation, we define “test” 3-momenta
as

��p
a,b

test ≡ �p a,b
Z

mtest
χ1

mX
(11)

where we define an mtest
χ1

for each event by minimizing
the following quantity:

∆ �E2
T (mtest

χ1
) =

�����p
T,total

test −��p
T

exp

���
2

. (12)

This is a simple analytic procedure, as this formula is just
quadratic in mtest

χ1
. Computationally, this is an extremely

fast and easily implementable algorithm.
As a means of quality control, we can veto events in

which ∆ �Emin
T /�E exp

T > �, for some sufficiently small �.
Additionally, the efficiency of such a cut is a measure of
whether or not a given event sample contains the sort
of boosted decay chains in which our method is most
powerful. In Figure 5, we show a scatterplot of mtest and
∆ �Emin

T / �E exp
T for both a highly boosted scenario, where

the mass splitting is very small, and one in which we do
not expect significant collinearity.

FIG. 5: Very boosted case (200, 109.9, 90) / not as boosted
case (200 100 90)

As we shall show below, the mtest distribution inherits
the kinematic feature of the MET cone and has two end-
points that are determined by the masses involved in the
decay. The condition that ∆ �Emin

T /�E exp
T = 0 is equiva-

lent to �p T,total
χ1

= �p T,total
X mtest

χ1
/mX . For simplicity, we

consider the case where X’s are in the transverse plane,

(mχ2 , mχ1 , mZ)
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points that are determined by the masses involved in the
decay. The condition that ∆ �Emin
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which can be imposed as a selection cut on the event.
This leads to the following result

mtest
χ1

mχ1

=
γa

χ1
βa

χ1

γa
Xβa

X

+
�

i=a,b

γi
χ1

βi
χ1

γa
Xβa

X

αi
a (13)

0 =
γa

χ1
βa

χ1

γa
Xβa

X

+
�

i=a,b

γi
χ1

βi
χ1

γa
Xβa

X

αi
a − (a→ b) (14)

where αi
j and δi is defined as n̂i

χ1
= (δi

j + αi
j)n̂

j
X + δin̂⊥.

Here n̂⊥ ⊥ n̂j
X for both j = a, b. It is not hard

to express these coefficients in terms of angular vari-
ables αa

a = −2 sin2(θa/2)− cot θab sin θa cos φa and αa
b =

cos φa sin θa/ sin θab. αb
b and αb

a can be obtained by re-
placing (θa, φa) with (θb, φb). Here θa(b) is the angle
between X and χ1 in a(b)-chain respectively, φa(b) is the
azimuthal angle of �p a(b)

χ1 in the local coordinate defined by
�p a(b)

X , and θab is the angle between X’s in the two chains.
Since we are interested in the events with collinear config-
uration θa,b � 1, it is legitimate to consider an expansion
of the result on θa,b. It is easy to see that αi

j are linear
in θa,b and so we can also expand on αi

j as long as sin θab

is not too small.
In order to find out the allowed variation of mtest

χ1
, it is

convenient to eliminate γ and β of the b-chain. This can
be done by solving Eq. (14), giving rise to

γb
χ1

βb
χ1

γb
Xβb

X

=
γa

χ1
βa

χ1

γa
Xβa

X

�
1 +O(θa,b)

�
, (15)

Plug it back to Eq.(13), it is straightforward to get

mtest
χ1

mχ1

=
γa

χ1
βa

χ1

γa
Xβa

X

+
�

i=a,b

γi
χ1

βi
χ1

γa
Xβa

X

αi
a (16)

≈
γa

χ1
βa

χ1

γa
Xβa

X

�
1 + αa

a + αb
a

�
. (17)

Here we only keep the linear terms in αi
j (or θa,b). Now

using Eq.(5) and (6), we get the following final expression

mtest ≈ mχ1

γχ1
0

γX
0

1 + β βχ1
0 cos θa,0

1− β βX
0 cos θa,0

×
�

1− cot θab cos φaθa +
cos φb

sin θab
θb

�
, (18)

where the β’s and γ’s are implicitly for the a-chain. It is
not hard to find that at the zeroth order in θa,b expansion
there exist a maximum and a minimum as θa,0 varies:

mtest
min = mχ1

γχ1
0

γX
0

1− β βχ1
0

1 + β βX
0

(19)

mtest
max = mχ1

γχ1
0

γX
0

1 + β βχ1
0

1− β βX
0

(20)

The effects of non-zero θa,b are complicated. For ex-
ample, θb is independent on θa,0, so the effect to the

above endpoint is simply through a multiplying factor
1±csc θab θmax for upper and lower endpoint respectively
if there is a maximum cutoff θmax in the θa,b distribution.
This also indicates that the shape of the distribution of
mtest

χ1
gets affected by the distribution of θb, particularly

near the upper endpoint. This could make it difficult for
the endpoints to be detected. The effect due to θa is more
complicated since θa is not independent of θa,0. Yet the
maximal shift in the endpoint is given by 1±cot θab θmax.
In models where θmax � 1, the shift to the endpoint po-
sition is negligible and Eq.(20) can be used to extract the
masses of χ1 and χ2 from the observed endpoints.

Having discussed the general principle of measuring
mass in the boosted decay chain, we now show how well
this method works for the actual models using Monte-
Carol simulation. To be concrete, we consider the pair
production of squark q̃Lq̃L followed by q̃L → qχ̃2 → qχ̃1Z
in SUSY models. This decay channel is pretty generic in
MSSM, although may be suppressed if the sleptons are
light. In principle, the analysis can immediately apply
to other decay channels, e.g. q̃L → qχ̃1h. As we have
discussed, the main condition for the method to work is
to have large enough collinearity. To test our method, we
choose two benchmark models with different collinearity
for the convenience of comparison

• model 1: mũL = 1 TeV, mχ̃0
2

= 200 GeV, mχ̃0
1

=
100 GeV.

• model 2: mũL = 1.25 TeV, mχ̃0
2

= 250 GeV, mχ̃0
1

=
100 GeV.

For Model 1, the final step decay only has very small
phase space, which when combined with large squark
mass lead to very collinear Z and χ̃1 in the final states.
On other hand, for Model 2, the boost factor is almost
the same but the phase space is larger, which makes the
decay less collinear. For both models, we simulate 20K
events of squarks pair production from pp collision at√

s = 14 TeV and decay with above mentioned decay
channel in MadGraph [49] using 2→ 6 matrix element.
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FIG. 6: The distributions of mtest.

We can see that the lower and upper endpoints are
110 GeV and 360 GeV respectively. Using the endpoint

|�pT,x/�ET | < 0.15→ 0

Consider a simple case: X’s in the transverse plane.

Leading order result: 
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Since we are interested in the events with collinear config-
uration θa,b � 1, it is legitimate to consider an expansion
of the result on θa,b. It is easy to see that αi
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in θa,b and so we can also expand on αi

j as long as sin θab

is not too small.
In order to find out the allowed variation of mtest
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Here we only keep the linear terms in αi
j (or θa,b). Now

using Eq.(5) and (6), we get the following final expression
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where the β’s and γ’s are implicitly for the a-chain. It is
not hard to find that at the zeroth order in θa,b expansion
there exist a maximum and a minimum as θa,0 varies:
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The effects of non-zero θa,b are complicated. For ex-
ample, θb is independent on θa,0, so the effect to the

above endpoint is simply through a multiplying factor
1±csc θab θmax for upper and lower endpoint respectively
if there is a maximum cutoff θmax in the θa,b distribution.
This also indicates that the shape of the distribution of
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gets affected by the distribution of θb, particularly

near the upper endpoint. This could make it difficult for
the endpoints to be detected. The effect due to θa is more
complicated since θa is not independent of θa,0. Yet the
maximal shift in the endpoint is given by 1±cot θab θmax.
In models where θmax � 1, the shift to the endpoint po-
sition is negligible and Eq.(20) can be used to extract the
masses of χ1 and χ2 from the observed endpoints.

Having discussed the general principle of measuring
mass in the boosted decay chain, we now show how well
this method works for the actual models using Monte-
Carol simulation. To be concrete, we consider the pair
production of squark q̃Lq̃L followed by q̃L → qχ̃2 → qχ̃1Z
in SUSY models. This decay channel is pretty generic in
MSSM, although may be suppressed if the sleptons are
light. In principle, the analysis can immediately apply
to other decay channels, e.g. q̃L → qχ̃1h. As we have
discussed, the main condition for the method to work is
to have large enough collinearity. To test our method, we
choose two benchmark models with different collinearity
for the convenience of comparison

• model 1: mũL = 1 TeV, mχ̃0
2
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=
100 GeV.

• model 2: mũL = 1.25 TeV, mχ̃0
2
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For Model 1, the final step decay only has very small
phase space, which when combined with large squark
mass lead to very collinear Z and χ̃1 in the final states.
On other hand, for Model 2, the boost factor is almost
the same but the phase space is larger, which makes the
decay less collinear. For both models, we simulate 20K
events of squarks pair production from pp collision at√

s = 14 TeV and decay with above mentioned decay
channel in MadGraph [49] using 2→ 6 matrix element.

0 100 200 300 400 500
0

100

200

300

400

500

mΧ1
test �GeV�

�
of
Ev
en
ts
�10G

eV

Model 2

Model 1

FIG. 6: The distributions of mtest.

We can see that the lower and upper endpoints are
110 GeV and 360 GeV respectively. Using the endpoint

2

between the visible particle X and the direction of mo-
tion of the parent χ2 is then given by

tan θχ2X =
βX

0

γ

�
sin θ0

βX
0 cos θ0 + β

�
. (1)

where θ0 is angle between X and χ2 in the rest frame of
χ2, and β0 is the velocity of X in the rest frame of χ2.
The angle takes on values given by the range

0 ≤ tan θχ2X ≤
βX

0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity β0 is a function of the masses of the three
particles involved:

(βX
0 )2 =

�
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

�
m2

χ2
+ (m2

X −m2
χ1

)
�2

(3)
The angle θχ2χ1 can be obtained by exchanging mX with
mχ1 in the above equations. It is easy to see that a
collinear configuration can be achieved with a large γ,
and also by reducing the available phase space for the
χ2 decay. For fixed boost factor γ = 5 and χ2 mass
mχ2 = 200 GeV, the angle θ as a function of mχ1 and
mX is shown in Fig.2. One can see that the region near
mχ1 ≈ mX ∼ mχ2/2 is favored for small θ.

The boost factor is determined by several variables. As
a simple example, we consider a heavy exotic, with mass
mQ which decays to a massless SM particle (e.g. a jet)
and the NLSP, with mass mχ2 . In the rest frame of Q,
the boost factor of the NLSP is given by

γ =
m2

Q + m2
χ2

2mQmχ2

mQ�mχ2−−−−−−→ 1
2

mQ

mχ2

. (4)

For mQ ∼ 2 TeV and mχ2 ∼ 200 GeV, a boost factor
γ = 5 can be obtained. In practice, many other features
contribute. In the above example, at a hadron collider
the Q particle will be produced with some transverse as
well as longitudinal momentum, which will give a dis-
tribution of boost factors in this process. In addition,
in multistage decay chains, the typical boost factors will
also depend on the mass spectrum of particles participat-
ing in the cascade. In Figure, we show the distribu-
tion of γ’s for some different scenarios

This collinear approximation can be used to extract
additional information about the 4-momenta of χ2 and
χ1,w hich can be used in reconstructing the masses of the
exotica.

The boost factors of X and χ1 in the lab frame are
given by

γχ1 = γ γχ1
0 (1 + β βχ1

0 cos θ) (5)
γX = γ γX

0 (1− β βX
0 cos θ) (6)

Here the boost factor and velocity in the rest frame is
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FIG. 3: Distribution of θ for different pX cuts. The mass of
χ2 is fixed mχ2 = 200 GeV.

given by

γχ1
0 =

m2
χ2

+ m2
χ1
−m2

X

2mχ2mχ1

(7)

βχ1
0 =

��
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

m2
χ2

+ (m2
χ1
−m2

X)
(8)

Given the boost factor γ, the magnitudes of the 3-
momenta of X and χ1 in the lab frame can be written
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as

pχ1 = γχ1βχ1mχ1 (9)
pX = γXβXmX . (10)

From Eq.’s (2,5,6), we see that for a given Z-
momentum, there is a kinematic limit on the range of
energies and directions for a �ET . We illustrate this in
Figure 4. In this scatter plot, we assume a full event
structure where all �ET arises from the χ1 particle (i.e.
there are no neutrinos in the event), and that each of
the two decay chains terminates with the NLSP decay-
ing to a X particle plus the LSP. We restrict to a par-
ticular configuration of Z momenta, and taking small
mχ2 −mχ1 −mX , we see clear kinematic boundaries on
the total �ET . In this plot, we take the total X momen-
tum vector to define the y-axis, such that the vertical
axis displays the component of the �ET parallel to the to-
tal X-momentum. The horizontal axis displays the miss-
ing transverse momentum vector component perpedicu-
lar to the total Z-momentum. As expected, the missing
transverse momentum vector is correlated with the Z-
momenta, with sharp kinematic boundaries determined
by the mass spectrum of the underlying theory.

FIG. 4: (200, 100, 90), 90 degrees between Z’s, and boost
factor of 5 each

We utilize the boosted, collinear limit to create a
test variable whose distribution will yield the masses
of the exotica. In the case of small mass splitting,
∆m = mχ2 −mχ1 −mX , the decay products are not sig-
nificantly relativistic in the rest-frame of the parent, χ2.
This means that in the lab frame, where the χ2 has signif-
icant velocity, the boost factors of all three particles are
nearly the same, and the χ1 particles are aligned along
the direction of the X-momentum. With this approxi-
mation as our motivation, we define “test” 3-momenta
as

��p
a,b

test ≡ �p a,b
Z

mtest
χ1

mX
(11)

where we define an mtest
χ1

for each event by minimizing
the following quantity:

∆ �E2
T (mtest

χ1
) =

�����p
T,total

test −��p
T

exp

���
2

. (12)

This is a simple analytic procedure, as this formula is just
quadratic in mtest

χ1
. Computationally, this is an extremely

fast and easily implementable algorithm.
As a means of quality control, we can veto events in

which ∆ �Emin
T /�E exp

T > �, for some sufficiently small �.
Additionally, the efficiency of such a cut is a measure of
whether or not a given event sample contains the sort
of boosted decay chains in which our method is most
powerful. In Figure 5, we show a scatterplot of mtest and
∆ �Emin

T / �E exp
T for both a highly boosted scenario, where

the mass splitting is very small, and one in which we do
not expect significant collinearity.

FIG. 5: Very boosted case (200, 109.9, 90) / not as boosted
case (200 100 90)

As we shall show below, the mtest distribution inherits
the kinematic feature of the MET cone and has two end-
points that are determined by the masses involved in the
decay. The condition that ∆ �Emin

T /�E exp
T = 0 is equiva-

lent to �p T,total
χ1

= �p T,total
X mtest

χ1
/mX . For simplicity, we

consider the case where X’s are in the transverse plane,
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which can be imposed as a selection cut on the event.
This leads to the following result

mtest
χ1

mχ1

=
γa

χ1
βa

χ1

γa
Xβa

X

+
�

i=a,b

γi
χ1

βi
χ1

γa
Xβa

X

αi
a (13)

0 =
γa

χ1
βa

χ1

γa
Xβa

X

+
�

i=a,b

γi
χ1

βi
χ1

γa
Xβa

X

αi
a − (a→ b) (14)

where αi
j and δi is defined as n̂i

χ1
= (δi

j + αi
j)n̂

j
X + δin̂⊥.

Here n̂⊥ ⊥ n̂j
X for both j = a, b. It is not hard

to express these coefficients in terms of angular vari-
ables αa

a = −2 sin2(θa/2)− cot θab sin θa cos φa and αa
b =

cos φa sin θa/ sin θab. αb
b and αb

a can be obtained by re-
placing (θa, φa) with (θb, φb). Here θa(b) is the angle
between X and χ1 in a(b)-chain respectively, φa(b) is the
azimuthal angle of �p a(b)

χ1 in the local coordinate defined by
�p a(b)

X , and θab is the angle between X’s in the two chains.
Since we are interested in the events with collinear config-
uration θa,b � 1, it is legitimate to consider an expansion
of the result on θa,b. It is easy to see that αi

j are linear
in θa,b and so we can also expand on αi

j as long as sin θab

is not too small.
In order to find out the allowed variation of mtest

χ1
, it is

convenient to eliminate γ and β of the b-chain. This can
be done by solving Eq. (14), giving rise to

γb
χ1

βb
χ1

γb
Xβb

X

=
γa

χ1
βa

χ1

γa
Xβa

X

�
1 +O(θa,b)

�
, (15)

Plug it back to Eq.(13), it is straightforward to get

mtest
χ1

mχ1

=
γa

χ1
βa

χ1

γa
Xβa

X

+
�

i=a,b

γi
χ1

βi
χ1

γa
Xβa

X

αi
a (16)

≈
γa

χ1
βa

χ1

γa
Xβa

X

�
1 + αa

a + αb
a

�
. (17)

Here we only keep the linear terms in αi
j (or θa,b). Now

using Eq.(5) and (6), we get the following final expression

mtest ≈ mχ1

γχ1
0

γX
0

1 + β βχ1
0 cos θa,0

1− β βX
0 cos θa,0

×
�

1− cot θab cos φaθa +
cos φb

sin θab
θb

�
, (18)

where the β’s and γ’s are implicitly for the a-chain. It is
not hard to find that at the zeroth order in θa,b expansion
there exist a maximum and a minimum as θa,0 varies:

mtest
min = mχ1

γχ1
0

γX
0

1− β βχ1
0

1 + β βX
0

(19)

mtest
max = mχ1

γχ1
0

γX
0

1 + β βχ1
0

1− β βX
0

(20)

The effects of non-zero θa,b are complicated. For ex-
ample, θb is independent on θa,0, so the effect to the

above endpoint is simply through a multiplying factor
1±csc θab θmax for upper and lower endpoint respectively
if there is a maximum cutoff θmax in the θa,b distribution.
This also indicates that the shape of the distribution of
mtest

χ1
gets affected by the distribution of θb, particularly

near the upper endpoint. This could make it difficult for
the endpoints to be detected. The effect due to θa is more
complicated since θa is not independent of θa,0. Yet the
maximal shift in the endpoint is given by 1±cot θab θmax.
In models where θmax � 1, the shift to the endpoint po-
sition is negligible and Eq.(20) can be used to extract the
masses of χ1 and χ2 from the observed endpoints.

Having discussed the general principle of measuring
mass in the boosted decay chain, we now show how well
this method works for the actual models using Monte-
Carol simulation. To be concrete, we consider the pair
production of squark q̃Lq̃L followed by q̃L → qχ̃2 → qχ̃1Z
in SUSY models. This decay channel is pretty generic in
MSSM, although may be suppressed if the sleptons are
light. In principle, the analysis can immediately apply
to other decay channels, e.g. q̃L → qχ̃1h. As we have
discussed, the main condition for the method to work is
to have large enough collinearity. To test our method, we
choose two benchmark models with different collinearity
for the convenience of comparison

• model 1: mũL = 1 TeV, mχ̃0
2

= 200 GeV, mχ̃0
1

=
100 GeV.

• model 2: mũL = 1.25 TeV, mχ̃0
2

= 250 GeV, mχ̃0
1

=
100 GeV.

For Model 1, the final step decay only has very small
phase space, which when combined with large squark
mass lead to very collinear Z and χ̃1 in the final states.
On other hand, for Model 2, the boost factor is almost
the same but the phase space is larger, which makes the
decay less collinear. For both models, we simulate 20K
events of squarks pair production from pp collision at√

s = 14 TeV and decay with above mentioned decay
channel in MadGraph [49] using 2→ 6 matrix element.
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FIG. 6: The distributions of mtest.

We can see that the lower and upper endpoints are
110 GeV and 360 GeV respectively. Using the endpoint

Punchline: endpoints only depend on the masses                      
--> measure these endpoints experimentally can determine 
these masses

There are two endpoints, corresponding to      --> 0, Pi
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between the visible particle X and the direction of mo-
tion of the parent χ2 is then given by

tan θχ2X =
βX

0

γ

�
sin θ0

βX
0 cos θ0 + β

�
. (1)

where θ0 is angle between X and χ2 in the rest frame of
χ2, and β0 is the velocity of X in the rest frame of χ2.
The angle takes on values given by the range

0 ≤ tan θχ2X ≤
βX

0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity β0 is a function of the masses of the three
particles involved:

(βX
0 )2 =

�
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

�
m2

χ2
+ (m2

X −m2
χ1

)
�2

(3)
The angle θχ2χ1 can be obtained by exchanging mX with
mχ1 in the above equations. It is easy to see that a
collinear configuration can be achieved with a large γ,
and also by reducing the available phase space for the
χ2 decay. For fixed boost factor γ = 5 and χ2 mass
mχ2 = 200 GeV, the angle θ as a function of mχ1 and
mX is shown in Fig.2. One can see that the region near
mχ1 ≈ mX ∼ mχ2/2 is favored for small θ.

The boost factor is determined by several variables. As
a simple example, we consider a heavy exotic, with mass
mQ which decays to a massless SM particle (e.g. a jet)
and the NLSP, with mass mχ2 . In the rest frame of Q,
the boost factor of the NLSP is given by

γ =
m2

Q + m2
χ2

2mQmχ2

mQ�mχ2−−−−−−→ 1
2

mQ

mχ2

. (4)

For mQ ∼ 2 TeV and mχ2 ∼ 200 GeV, a boost factor
γ = 5 can be obtained. In practice, many other features
contribute. In the above example, at a hadron collider
the Q particle will be produced with some transverse as
well as longitudinal momentum, which will give a dis-
tribution of boost factors in this process. In addition,
in multistage decay chains, the typical boost factors will
also depend on the mass spectrum of particles participat-
ing in the cascade. In Figure, we show the distribu-
tion of γ’s for some different scenarios

This collinear approximation can be used to extract
additional information about the 4-momenta of χ2 and
χ1,w hich can be used in reconstructing the masses of the
exotica.

The boost factors of X and χ1 in the lab frame are
given by

γχ1 = γ γχ1
0 (1 + β βχ1

0 cos θ) (5)
γX = γ γX

0 (1− β βX
0 cos θ) (6)

Here the boost factor and velocity in the rest frame is

0
0.1

0.2

0.3

0.4

0.5

Γ � 5

mΧ2 � 200 GeV

0 50 100 150 200
0

50

100

150

200

mΧ1 �GeV�

m
X
�GeV

�

FIG. 2: Contour Plots of θ in the plan of mX and mχ1 . The
mass of χ2 is fixed mχ2 = 200 GeV. The boost factor γ is
fixed to be 5. What are the values of θ0?
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FIG. 3: Distribution of θ for different pX cuts. The mass of
χ2 is fixed mχ2 = 200 GeV.

given by

γχ1
0 =

m2
χ2

+ m2
χ1
−m2

X

2mχ2mχ1

(7)

βχ1
0 =

��
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

m2
χ2

+ (m2
χ1
−m2

X)
(8)

Given the boost factor γ, the magnitudes of the 3-
momenta of X and χ1 in the lab frame can be written
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between the visible particle X and the direction of mo-
tion of the parent χ2 is then given by

tan θχ2X =
βX

0

γ

�
sin θ0

βX
0 cos θ0 + β

�
. (1)

where θ0 is angle between X and χ2 in the rest frame of
χ2, and β0 is the velocity of X in the rest frame of χ2.
The angle takes on values given by the range

0 ≤ tan θχ2X ≤
βX

0

γβ
γ�1−−−→ βX

0

γ
. (2)

The velocity β0 is a function of the masses of the three
particles involved:

(βX
0 )2 =

�
m2

χ2
− (mχ1 + mX)2
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m2

χ2
− (mχ1 −mX)2

�

�
m2

χ2
+ (m2

X −m2
χ1

)
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(3)
The angle θχ2χ1 can be obtained by exchanging mX with
mχ1 in the above equations. It is easy to see that a
collinear configuration can be achieved with a large γ,
and also by reducing the available phase space for the
χ2 decay. For fixed boost factor γ = 5 and χ2 mass
mχ2 = 200 GeV, the angle θ as a function of mχ1 and
mX is shown in Fig.2. One can see that the region near
mχ1 ≈ mX ∼ mχ2/2 is favored for small θ.

The boost factor is determined by several variables. As
a simple example, we consider a heavy exotic, with mass
mQ which decays to a massless SM particle (e.g. a jet)
and the NLSP, with mass mχ2 . In the rest frame of Q,
the boost factor of the NLSP is given by

γ =
m2

Q + m2
χ2

2mQmχ2

mQ�mχ2−−−−−−→ 1
2

mQ

mχ2

. (4)

For mQ ∼ 2 TeV and mχ2 ∼ 200 GeV, a boost factor
γ = 5 can be obtained. In practice, many other features
contribute. In the above example, at a hadron collider
the Q particle will be produced with some transverse as
well as longitudinal momentum, which will give a dis-
tribution of boost factors in this process. In addition,
in multistage decay chains, the typical boost factors will
also depend on the mass spectrum of particles participat-
ing in the cascade. In Figure, we show the distribu-
tion of γ’s for some different scenarios

This collinear approximation can be used to extract
additional information about the 4-momenta of χ2 and
χ1,w hich can be used in reconstructing the masses of the
exotica.

The boost factors of X and χ1 in the lab frame are
given by

γχ1 = γ γχ1
0 (1 + β βχ1

0 cos θ) (5)
γX = γ γX

0 (1− β βX
0 cos θ) (6)

Here the boost factor and velocity in the rest frame is
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FIG. 3: Distribution of θ for different pX cuts. The mass of
χ2 is fixed mχ2 = 200 GeV.

given by

γχ1
0 =

m2
χ2

+ m2
χ1
−m2

X

2mχ2mχ1

(7)

βχ1
0 =

��
m2

χ2
− (mχ1 + mX)2

� �
m2

χ2
− (mχ1 −mX)2

�

m2
χ2

+ (m2
χ1
−m2

X)
(8)

Given the boost factor γ, the magnitudes of the 3-
momenta of X and χ1 in the lab frame can be written

θ0

χ1
χ2

χ1
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endpoints get smeared;
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If X’s not in the transverse plane, extra projection needed                         
-- more complicated in the above    expansion
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FIG. 3: In these two scatter plots, we compare two scenarios
with decay χ2 → χ1Z, with identical χ2 mass (200 GeV). In
the top (bottom) plot, we take ∆m = mχ2 − (mχ1 +mZ) =
0.1 GeV(10 GeV). The very small mass splitting scenario
predominantly occupies a very narrow range of ∆ �ET / �ET .
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FIG. 4: Illustration of the MET cone and its relation to the
mtest

χ1
variable.

limit, one can express mtest
χ1

in terms of the measurable
parameters of the event. The result can be written as
an expansion in the angular separation between X and
χ1 for both sides of the decay chain, θa,b, in the near-
collinear case. In a configuration where both X’s are in
the transverse plane, we obtain a relatively clean result:

mtest
χ1

≈ mχ1

γχ1
0

γX
0

1 + β βχ1
0 cos θa0

1− β βX
0 cos θa0

×
�
1− cot θXab cosφ

aθa + csc θXab cosφ
bθb

�
, (6)

where β and γ refer to the NLSP in the a-chain. Here (θa,
φa) are the spherical coordinates of �p a

χ1
in the lab frame

where the z-axis is along the �p a
X ; θXab is the angle between

�p a
X and �p b

X . At zeroth order in the θa,b expansion, the
endpoints of mtest

χ1
are given by:

mtest
± ≈ mχ1

γχ1
0

γX
0

1± β βχ1
0

1∓ β βX
0

, (7)

which are achieved when θa0 = 0 and π respectively, i.e.
χ1 moving forward and backward along the χ2 direction
in its rest frame. The range of mtest

χ1
becomes smaller

as the phase space for the χ2 decay shrinks. In the rela-
tivistic limit, β ∼ 1, the endpoint positions mtest

± approx-
imately determine the unknown masses mχ1 and mχ2 .
Now let us discuss the non-collinear corrections to

the endpoint positions from Eq. (6). First we note
that θa depends on θa0 and in the near-collinear case
it does not shift the endpoint positions. The domi-
nant contribution comes from θb which is independent
of θa0 and gives rise to a shift of the endpoint position
∆mtest

± ≈ ±mtest
± csc θXab θ

b. Since θb follows a distribu-
tion determined by the kinematics of the decay, it leads
to a smearing of the distribution near these endpoints.
However, in the near-collinear case, the smearing of θb

around the central value is also small and is under con-
trol.
In the general case where the X’s are not in the trans-

verse plane, one needs to project the MET cone into the
transverse plane and then impose the alignment condi-
tion. One can still express the result in a collinear expan-
sion. The zeroth-order result remains the same as that in
Eq. (6). However, the higher order expansion coefficients
are modified by trigonometric functions expected to be
of order one.
In summary, if the endpoint positions of the mtest

χ1
dis-

tribution are measured from the data, we can find so-
lutions for the masses of the LSP and NLSP using the
relation in Eq. (7).
Numerical Results — We now explore the effective-

ness of the mtest
χ1

method using Monte-Carlo simulation.
We consider squark pair production q̃Lq̃L followed by the
decays q̃L → qχ̃2 → qχ̃1Z in SUSY models. We consider
the four spectra shown in Table I. For each of these mod-
els, we simulate 20k events of squark pair production and
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which can be imposed as a selection cut on the event.
This leads to the following result

mtest
χ1

mχ1

=
γa

χ1
βa

χ1

γa
Xβa

X

+
�

i=a,b

γi
χ1

βi
χ1

γa
Xβa

X

αi
a (13)

0 =
γa

χ1
βa

χ1

γa
Xβa

X

+
�

i=a,b

γi
χ1

βi
χ1

γa
Xβa

X

αi
a − (a→ b) (14)

where αi
j and δi is defined as n̂i

χ1
= (δi

j + αi
j)n̂

j
X + δin̂⊥.

Here n̂⊥ ⊥ n̂j
X for both j = a, b. It is not hard

to express these coefficients in terms of angular vari-
ables αa

a = −2 sin2(θa/2)− cot θab sin θa cos φa and αa
b =

cos φa sin θa/ sin θab. αb
b and αb

a can be obtained by re-
placing (θa, φa) with (θb, φb). Here θa(b) is the angle
between X and χ1 in a(b)-chain respectively, φa(b) is the
azimuthal angle of �p a(b)

χ1 in the local coordinate defined by
�p a(b)

X , and θab is the angle between X’s in the two chains.
Since we are interested in the events with collinear config-
uration θa,b � 1, it is legitimate to consider an expansion
of the result on θa,b. It is easy to see that αi

j are linear
in θa,b and so we can also expand on αi

j as long as sin θab

is not too small.
In order to find out the allowed variation of mtest

χ1
, it is

convenient to eliminate γ and β of the b-chain. This can
be done by solving Eq. (14), giving rise to

γb
χ1

βb
χ1

γb
Xβb

X

=
γa

χ1
βa

χ1

γa
Xβa

X

�
1 +O(θa,b)

�
, (15)

Plug it back to Eq.(13), it is straightforward to get
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=
γa
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Xβa

X

+
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γi
χ1

βi
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αi
a (16)

≈
γa

χ1
βa

χ1

γa
Xβa

X

�
1 + αa

a + αb
a

�
. (17)

Here we only keep the linear terms in αi
j (or θa,b). Now

using Eq.(5) and (6), we get the following final expression

mtest ≈ mχ1

γχ1
0

γX
0

1 + β βχ1
0 cos θa,0

1− β βX
0 cos θa,0

×
�

1− cot θab cos φaθa +
cos φb

sin θab
θb

�
, (18)

where the β’s and γ’s are implicitly for the a-chain. It is
not hard to find that at the zeroth order in θa,b expansion
there exist a maximum and a minimum as θa,0 varies:

mtest
min = mχ1

γχ1
0

γX
0

1− β βχ1
0

1 + β βX
0

(19)

mtest
max = mχ1

γχ1
0

γX
0

1 + β βχ1
0

1− β βX
0

(20)

The effects of non-zero θa,b are complicated. For ex-
ample, θb is independent on θa,0, so the effect to the

above endpoint is simply through a multiplying factor
1±csc θab θmax for upper and lower endpoint respectively
if there is a maximum cutoff θmax in the θa,b distribution.
This also indicates that the shape of the distribution of
mtest

χ1
gets affected by the distribution of θb, particularly

near the upper endpoint. This could make it difficult for
the endpoints to be detected. The effect due to θa is more
complicated since θa is not independent of θa,0. Yet the
maximal shift in the endpoint is given by 1±cot θab θmax.
In models where θmax � 1, the shift to the endpoint po-
sition is negligible and Eq.(20) can be used to extract the
masses of χ1 and χ2 from the observed endpoints.

Having discussed the general principle of measuring
mass in the boosted decay chain, we now show how well
this method works for the actual models using Monte-
Carol simulation. To be concrete, we consider the pair
production of squark q̃Lq̃L followed by q̃L → qχ̃2 → qχ̃1Z
in SUSY models. This decay channel is pretty generic in
MSSM, although may be suppressed if the sleptons are
light. In principle, the analysis can immediately apply
to other decay channels, e.g. q̃L → qχ̃1h. As we have
discussed, the main condition for the method to work is
to have large enough collinearity. To test our method, we
choose two benchmark models with different collinearity
for the convenience of comparison

• model 1: mũL = 1 TeV, mχ̃0
2

= 200 GeV, mχ̃0
1

=
100 GeV.

• model 2: mũL = 1.25 TeV, mχ̃0
2

= 250 GeV, mχ̃0
1

=
100 GeV.

For Model 1, the final step decay only has very small
phase space, which when combined with large squark
mass lead to very collinear Z and χ̃1 in the final states.
On other hand, for Model 2, the boost factor is almost
the same but the phase space is larger, which makes the
decay less collinear. For both models, we simulate 20K
events of squarks pair production from pp collision at√

s = 14 TeV and decay with above mentioned decay
channel in MadGraph [49] using 2→ 6 matrix element.
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FIG. 6: The distributions of mtest.

We can see that the lower and upper endpoints are
110 GeV and 360 GeV respectively. Using the endpoint

Mtest not invariant under boost -- subjet to non-collinear correction



MET-cone method

A simple 1D variable mtest for mass measurement

How well this works in practice?

Quick Summary



Monte Carol simulation

Generate 20k events for SUSY squark production, using MadGraph 
2-->6 matrix element 

pp→ q̃Lq̃L → q χ̃1 Z q χ̃1 Z

two Zʼs opening angle

No detector smearing included-- to be included later.

Parton-level cuts

|ηZ | < 3

|ηZ,tot| < 1

�ET > 200 GeV

pZ
T > 50 GeV

|�pT,x/�ET | < 0.15

π/3 < θZ
a,b < 2/3π

Assume Z’s are reconstructed using the leptonic decay. The SM 
backgrounds is negligible for 4 leptons, 2 jets plus MET



Mtest distributions
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mχ1 mχ2 mq̃L (mtest
− )

theo
(mtest

+ )
theo

1 100 200 1000 54.6 183.2

2 100 250 1250 21.6 463.0

3 200 300 1000 117.9 339.2

4 200 350 1250 52.6 761.0

TABLE I: Masses of the relevant particles in the four SUSY

models and the expected endpoints (mtest
± )

theo
.

decay in pp collisions at
√
s = 14 TeV in MadGraph [3]

using the 2 → 6 matrix element. Events are selected ac-

cording to the parton-level cuts in Table II. The cos θab

cut is to ensure the coefficients in the θa,b expansion are

not too large, which would obscure the endpoints. For

Model 2 and 4, we have slightly loosen the selection cuts

in order to get better statistics near the tail of the dis-

tribution: a) � = 0.2 for Model 2 and 4. b) |ηZ,tot| < 3.0
for Model 4.

pZT |ηZ | |ηZ,tot| �ET � cos θab

> 50 GeV < 3.0 < 1.0 > 200 GeV 0.15 < 0.5

TABLE II: Event selection cuts for mtest
χ1

. Here ηZ,tot
is the

pseudorapidity of the total Z momentum.
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FIG. 5: The distributions of mtest
χ1

for Model 1 and 2. For

Model 2, we have renormalized the distribution by a factor of

two.

In Fig. 5, we show the mtest
χ1

distribution for Models

1 and 2. Models 3 and 4 are very similar. For Model

1, we can see that the distribution is approximately a

triangle with two endpoints at around 50 and 200 GeV.

The shape of the distribution near each endpoint is ex-

pected to be a sharp drop, but is smeared due to devi-

ation from collinearity. A simple way to extract these

endpoints can be achieved by a linear fit and taking the

x-intercept. This would typically under-estimate mtest
−

while over-estimating mtest
+ . In our analysis, we take the

position at the half maximum near the lower edge for

mχ1 mχ2 mtest
− mtest

+ mmeas
χ1

mmeas
χ2

1 100 200 55± 2 205± 3 106± 2 208± 3

2 100 250 27± 2 454± 20 110± 5 253± 5

3 200 300 112± 5 342± 10 195± 5 296± 5

4 200 350 49± 2 682± 16 183± 5 329± 5

TABLE III: Results of the measured mχ1 and mχ2 for four

different SUSY models. Masses are given in GeV.

mtest
− to get a better estimation. For the upper end-

point, we use the x-intercept of a linear fit. More com-

plicated fits and estimation are certainly possible. The

results are shown in Table III together with the statisti-

cal errors. The results are consistent with the expected

zeroth-order endpoints, as shown in Table I. For Model

2, as seen in Fig. 5, the upper endpoint is much less

sharp than the lower one. Estimation of its position is

subject to a relatively large systematic uncertainty de-

pending on the binning and the choice of the fitting re-

gion. Fortunately, the calculated masses are not very

sensitive to the upper endpoint position. For a reason-

able estimate of the mtest
+ in the range 400−500 GeV, the

calculated masses (mmeas
χ1

,mmeas
χ2

) vary only mildly from

(103 GeV, 241 GeV) to (116 GeV, 264 GeV). Therefore,

even in this relatively less collinear case we still obtain

a good estimate of the masses. For all four models, the

estimated endpoints and calculated masses are summa-

rized in Table III. The fitted masses are all within ∼ 10%

of the true masses.

Summary and Outlook— In this letter, we explored

a novel method of measuring the absolute mass scale of

exotic particles in events with missing energy which is

inspired by boosted cascade decays. This method uses

the fact that in the boosted decay there is a limited vari-

ation in both the direction and magnitude of the total

three-momentum of missing particles relative to the total

three-momentum of the visible partners. The boundary

of the allowed region, or the MET-cone, is determined by

the mass parameters and the configuration of the visible

particles. We constructed a variable mtest
χ1

which has has

endpoints in the approximate collinear case. These end-

points depend on the masses involved in the final step

decay, and once observed from the data, can be used to

determine these masses.

The mtest
χ1

variable works best in the collinear limit.

Given the data, the evidence of collinearity in the final

step decay can be seen in various ways. First, one would

see a peak at 0 in the ∆ �Emin
T / �E exp

T distribution. Second,

one would see well-defined endpoints in the mtest
χ1

distri-

bution. Once the masses of χ1 and χ2 are measured, one

can find the masses of heavier exotics in the upstream of

the decay using more standard techniques.

We have demonstrated our method in a setup with

two symmetric decay chains with a two-step cascade de-

cay, however it applies for longer decay chains as well.

Model 1 : M1=100, M2=200, MQ= 1TeV. Moderate boost with small β0 

Model 2 : M1=100, M2=250, MQ= 1.25Tev. Moderate boost with larger β0

True endpoints: Model 1 (54.6, 183.2) GeV;  Model 2 (21.6, 463) GeV



Fit of endpoints
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mχ1 mχ2 mq̃L (mtest
− )

theo
(mtest

+ )
theo

1 100 200 1000 54.6 183.2

2 100 250 1250 21.6 463.0

3 200 300 1000 117.9 339.2

4 200 350 1250 52.6 761.0

TABLE I: Masses of the relevant particles in the four SUSY

models and the expected endpoints (mtest
± )

theo
.

decay in pp collisions at
√
s = 14 TeV in MadGraph [3]

using the 2 → 6 matrix element. Events are selected ac-

cording to the parton-level cuts in Table II. The cos θab

cut is to ensure the coefficients in the θa,b expansion are

not too large, which would obscure the endpoints. For

Model 2 and 4, we have slightly loosen the selection cuts

in order to get better statistics near the tail of the dis-

tribution: a) � = 0.2 for Model 2 and 4. b) |ηZ,tot| < 3.0
for Model 4.

pZT |ηZ | |ηZ,tot| �ET � cos θab

> 50 GeV < 3.0 < 1.0 > 200 GeV 0.15 < 0.5

TABLE II: Event selection cuts for mtest
χ1

. Here ηZ,tot
is the

pseudorapidity of the total Z momentum.
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FIG. 5: The distributions of mtest
χ1

for Model 1 and 2. For

Model 2, we have renormalized the distribution by a factor of

two.

In Fig. 5, we show the mtest
χ1

distribution for Models

1 and 2. Models 3 and 4 are very similar. For Model

1, we can see that the distribution is approximately a

triangle with two endpoints at around 50 and 200 GeV.

The shape of the distribution near each endpoint is ex-

pected to be a sharp drop, but is smeared due to devi-

ation from collinearity. A simple way to extract these

endpoints can be achieved by a linear fit and taking the

x-intercept. This would typically under-estimate mtest
−

while over-estimating mtest
+ . In our analysis, we take the

position at the half maximum near the lower edge for

mχ1 mχ2 mtest
− mtest

+ mmeas
χ1

mmeas
χ2

1 100 200 55± 2 205± 3 106± 2 208± 3

2 100 250 27± 2 454± 20 110± 5 253± 5

3 200 300 112± 5 342± 10 195± 5 296± 5

4 200 350 49± 2 682± 16 183± 5 329± 5

TABLE III: Results of the measured mχ1 and mχ2 for four

different SUSY models. Masses are given in GeV.

mtest
− to get a better estimation. For the upper end-

point, we use the x-intercept of a linear fit. More com-

plicated fits and estimation are certainly possible. The

results are shown in Table III together with the statisti-

cal errors. The results are consistent with the expected

zeroth-order endpoints, as shown in Table I. For Model

2, as seen in Fig. 5, the upper endpoint is much less

sharp than the lower one. Estimation of its position is

subject to a relatively large systematic uncertainty de-

pending on the binning and the choice of the fitting re-

gion. Fortunately, the calculated masses are not very

sensitive to the upper endpoint position. For a reason-

able estimate of the mtest
+ in the range 400−500 GeV, the

calculated masses (mmeas
χ1

,mmeas
χ2

) vary only mildly from

(103 GeV, 241 GeV) to (116 GeV, 264 GeV). Therefore,

even in this relatively less collinear case we still obtain

a good estimate of the masses. For all four models, the

estimated endpoints and calculated masses are summa-

rized in Table III. The fitted masses are all within ∼ 10%

of the true masses.

Summary and Outlook— In this letter, we explored

a novel method of measuring the absolute mass scale of

exotic particles in events with missing energy which is

inspired by boosted cascade decays. This method uses

the fact that in the boosted decay there is a limited vari-

ation in both the direction and magnitude of the total

three-momentum of missing particles relative to the total

three-momentum of the visible partners. The boundary

of the allowed region, or the MET-cone, is determined by

the mass parameters and the configuration of the visible

particles. We constructed a variable mtest
χ1

which has has

endpoints in the approximate collinear case. These end-

points depend on the masses involved in the final step

decay, and once observed from the data, can be used to

determine these masses.

The mtest
χ1

variable works best in the collinear limit.

Given the data, the evidence of collinearity in the final

step decay can be seen in various ways. First, one would

see a peak at 0 in the ∆ �Emin
T / �E exp

T distribution. Second,

one would see well-defined endpoints in the mtest
χ1

distri-

bution. Once the masses of χ1 and χ2 are measured, one

can find the masses of heavier exotics in the upstream of

the decay using more standard techniques.

We have demonstrated our method in a setup with

two symmetric decay chains with a two-step cascade de-

cay, however it applies for longer decay chains as well.

 Use linear fits

• Lower endpoint -- expected to be sharp edge, we take half-max 
point to reduce smearing effects

• Upper endpoint -- less populated, and we take intercept position

 Larger sys. err. for Model 2 

Model M1 M2

1 106 208

2 110 253

Masses are in GeV 



Fit of endpoints

The measured mass is not sensitive to the upper end point, 

e.g. for Model 2: 

vary upper end point 400 - 500 GeV

4

mχ1 mχ2 mq̃L (mtest
− )

theo
(mtest

+ )
theo

1 100 200 1000 54.6 183.2

2 100 250 1250 21.6 463.0

3 200 300 1000 117.9 339.2

4 200 350 1250 52.6 761.0

TABLE I: Masses of the relevant particles in the four SUSY

models and the expected endpoints (mtest
± )

theo
.

decay in pp collisions at
√
s = 14 TeV in MadGraph [3]

using the 2 → 6 matrix element. Events are selected ac-

cording to the parton-level cuts in Table II. The cos θab

cut is to ensure the coefficients in the θa,b expansion are

not too large, which would obscure the endpoints. For

Model 2 and 4, we have slightly loosen the selection cuts

in order to get better statistics near the tail of the dis-

tribution: a) � = 0.2 for Model 2 and 4. b) |ηZ,tot| < 3.0
for Model 4.

pZT |ηZ | |ηZ,tot| �ET � cos θab

> 50 GeV < 3.0 < 1.0 > 200 GeV 0.15 < 0.5

TABLE II: Event selection cuts for mtest
χ1

. Here ηZ,tot
is the

pseudorapidity of the total Z momentum.
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FIG. 5: The distributions of mtest
χ1

for Model 1 and 2. For

Model 2, we have renormalized the distribution by a factor of

two.

In Fig. 5, we show the mtest
χ1

distribution for Models

1 and 2. Models 3 and 4 are very similar. For Model

1, we can see that the distribution is approximately a

triangle with two endpoints at around 50 and 200 GeV.

The shape of the distribution near each endpoint is ex-

pected to be a sharp drop, but is smeared due to devi-

ation from collinearity. A simple way to extract these

endpoints can be achieved by a linear fit and taking the

x-intercept. This would typically under-estimate mtest
−

while over-estimating mtest
+ . In our analysis, we take the

position at the half maximum near the lower edge for

mχ1 mχ2 mtest
− mtest

+ mmeas
χ1

mmeas
χ2

1 100 200 55± 2 205± 3 106± 2 208± 3

2 100 250 27± 2 454± 20 110± 5 253± 5

3 200 300 112± 5 342± 10 195± 5 296± 5

4 200 350 49± 2 682± 16 183± 5 329± 5

TABLE III: Results of the measured mχ1 and mχ2 for four

different SUSY models. Masses are given in GeV.

mtest
− to get a better estimation. For the upper end-

point, we use the x-intercept of a linear fit. More com-

plicated fits and estimation are certainly possible. The

results are shown in Table III together with the statisti-

cal errors. The results are consistent with the expected

zeroth-order endpoints, as shown in Table I. For Model

2, as seen in Fig. 5, the upper endpoint is much less

sharp than the lower one. Estimation of its position is

subject to a relatively large systematic uncertainty de-

pending on the binning and the choice of the fitting re-

gion. Fortunately, the calculated masses are not very

sensitive to the upper endpoint position. For a reason-

able estimate of the mtest
+ in the range 400−500 GeV, the

calculated masses (mmeas
χ1

,mmeas
χ2

) vary only mildly from

(103 GeV, 241 GeV) to (116 GeV, 264 GeV). Therefore,

even in this relatively less collinear case we still obtain

a good estimate of the masses. For all four models, the

estimated endpoints and calculated masses are summa-

rized in Table III. The fitted masses are all within ∼ 10%

of the true masses.

Summary and Outlook— In this letter, we explored

a novel method of measuring the absolute mass scale of

exotic particles in events with missing energy which is

inspired by boosted cascade decays. This method uses

the fact that in the boosted decay there is a limited vari-

ation in both the direction and magnitude of the total

three-momentum of missing particles relative to the total

three-momentum of the visible partners. The boundary

of the allowed region, or the MET-cone, is determined by

the mass parameters and the configuration of the visible

particles. We constructed a variable mtest
χ1

which has has

endpoints in the approximate collinear case. These end-

points depend on the masses involved in the final step

decay, and once observed from the data, can be used to

determine these masses.

The mtest
χ1

variable works best in the collinear limit.

Given the data, the evidence of collinearity in the final

step decay can be seen in various ways. First, one would

see a peak at 0 in the ∆ �Emin
T / �E exp

T distribution. Second,

one would see well-defined endpoints in the mtest
χ1

distri-

bution. Once the masses of χ1 and χ2 are measured, one

can find the masses of heavier exotics in the upstream of

the decay using more standard techniques.

We have demonstrated our method in a setup with

two symmetric decay chains with a two-step cascade de-

cay, however it applies for longer decay chains as well.
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TABLE I: Masses of the relevant particles in the four SUSY

models and the expected endpoints (mtest
± )

theo
.

decay in pp collisions at
√
s = 14 TeV in MadGraph [3]

using the 2 → 6 matrix element. Events are selected ac-

cording to the parton-level cuts in Table II. The cos θab

cut is to ensure the coefficients in the θa,b expansion are

not too large, which would obscure the endpoints. For

Model 2 and 4, we have slightly loosen the selection cuts

in order to get better statistics near the tail of the dis-

tribution: a) � = 0.2 for Model 2 and 4. b) |ηZ,tot| < 3.0
for Model 4.

pZT |ηZ | |ηZ,tot| �ET � cos θab

> 50 GeV < 3.0 < 1.0 > 200 GeV 0.15 < 0.5

TABLE II: Event selection cuts for mtest
χ1

. Here ηZ,tot
is the

pseudorapidity of the total Z momentum.
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FIG. 5: The distributions of mtest
χ1

for Model 1 and 2. For

Model 2, we have renormalized the distribution by a factor of

two.

In Fig. 5, we show the mtest
χ1

distribution for Models

1 and 2. Models 3 and 4 are very similar. For Model

1, we can see that the distribution is approximately a

triangle with two endpoints at around 50 and 200 GeV.

The shape of the distribution near each endpoint is ex-

pected to be a sharp drop, but is smeared due to devi-

ation from collinearity. A simple way to extract these

endpoints can be achieved by a linear fit and taking the

x-intercept. This would typically under-estimate mtest
−

while over-estimating mtest
+ . In our analysis, we take the

position at the half maximum near the lower edge for

mχ1 mχ2 mtest
− mtest

+ mmeas
χ1

mmeas
χ2

1 100 200 55± 2 205± 3 106± 2 208± 3

2 100 250 27± 2 454± 20 110± 5 253± 5

3 200 300 112± 5 342± 10 195± 5 296± 5

4 200 350 49± 2 682± 16 183± 5 329± 5

TABLE III: Results of the measured mχ1 and mχ2 for four

different SUSY models. Masses are given in GeV.

mtest
− to get a better estimation. For the upper end-

point, we use the x-intercept of a linear fit. More com-

plicated fits and estimation are certainly possible. The

results are shown in Table III together with the statisti-

cal errors. The results are consistent with the expected

zeroth-order endpoints, as shown in Table I. For Model

2, as seen in Fig. 5, the upper endpoint is much less

sharp than the lower one. Estimation of its position is

subject to a relatively large systematic uncertainty de-

pending on the binning and the choice of the fitting re-

gion. Fortunately, the calculated masses are not very

sensitive to the upper endpoint position. For a reason-

able estimate of the mtest
+ in the range 400−500 GeV, the

calculated masses (mmeas
χ1

,mmeas
χ2

) vary only mildly from

(103 GeV, 241 GeV) to (116 GeV, 264 GeV). Therefore,

even in this relatively less collinear case we still obtain

a good estimate of the masses. For all four models, the

estimated endpoints and calculated masses are summa-

rized in Table III. The fitted masses are all within ∼ 10%

of the true masses.

Summary and Outlook— In this letter, we explored

a novel method of measuring the absolute mass scale of

exotic particles in events with missing energy which is

inspired by boosted cascade decays. This method uses

the fact that in the boosted decay there is a limited vari-

ation in both the direction and magnitude of the total

three-momentum of missing particles relative to the total

three-momentum of the visible partners. The boundary

of the allowed region, or the MET-cone, is determined by

the mass parameters and the configuration of the visible

particles. We constructed a variable mtest
χ1

which has has

endpoints in the approximate collinear case. These end-

points depend on the masses involved in the final step

decay, and once observed from the data, can be used to

determine these masses.

The mtest
χ1

variable works best in the collinear limit.

Given the data, the evidence of collinearity in the final

step decay can be seen in various ways. First, one would

see a peak at 0 in the ∆ �Emin
T / �E exp

T distribution. Second,

one would see well-defined endpoints in the mtest
χ1

distri-

bution. Once the masses of χ1 and χ2 are measured, one

can find the masses of heavier exotics in the upstream of

the decay using more standard techniques.

We have demonstrated our method in a setup with

two symmetric decay chains with a two-step cascade de-

cay, however it applies for longer decay chains as well.
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models and the expected endpoints (mtest
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decay in pp collisions at
√
s = 14 TeV in MadGraph [3]

using the 2 → 6 matrix element. Events are selected ac-

cording to the parton-level cuts in Table II. The cos θab

cut is to ensure the coefficients in the θa,b expansion are

not too large, which would obscure the endpoints. For

Model 2 and 4, we have slightly loosen the selection cuts

in order to get better statistics near the tail of the dis-

tribution: a) � = 0.2 for Model 2 and 4. b) |ηZ,tot| < 3.0
for Model 4.

pZT |ηZ | |ηZ,tot| �ET � cos θab
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TABLE II: Event selection cuts for mtest
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FIG. 5: The distributions of mtest
χ1

for Model 1 and 2. For

Model 2, we have renormalized the distribution by a factor of

two.

In Fig. 5, we show the mtest
χ1

distribution for Models

1 and 2. Models 3 and 4 are very similar. For Model

1, we can see that the distribution is approximately a

triangle with two endpoints at around 50 and 200 GeV.

The shape of the distribution near each endpoint is ex-

pected to be a sharp drop, but is smeared due to devi-

ation from collinearity. A simple way to extract these

endpoints can be achieved by a linear fit and taking the

x-intercept. This would typically under-estimate mtest
−

while over-estimating mtest
+ . In our analysis, we take the

position at the half maximum near the lower edge for

mχ1 mχ2 mtest
− mtest

+ mmeas
χ1

mmeas
χ2

1 100 200 55± 2 205± 3 106± 2 208± 3

2 100 250 27± 2 454± 20 110± 5 253± 5

3 200 300 112± 5 342± 10 195± 5 296± 5

4 200 350 49± 2 682± 16 183± 5 329± 5

TABLE III: Results of the measured mχ1 and mχ2 for four

different SUSY models. Masses are given in GeV.

mtest
− to get a better estimation. For the upper end-

point, we use the x-intercept of a linear fit. More com-

plicated fits and estimation are certainly possible. The

results are shown in Table III together with the statisti-

cal errors. The results are consistent with the expected

zeroth-order endpoints, as shown in Table I. For Model

2, as seen in Fig. 5, the upper endpoint is much less

sharp than the lower one. Estimation of its position is

subject to a relatively large systematic uncertainty de-

pending on the binning and the choice of the fitting re-

gion. Fortunately, the calculated masses are not very

sensitive to the upper endpoint position. For a reason-

able estimate of the mtest
+ in the range 400−500 GeV, the

calculated masses (mmeas
χ1

,mmeas
χ2

) vary only mildly from

(103 GeV, 241 GeV) to (116 GeV, 264 GeV). Therefore,

even in this relatively less collinear case we still obtain

a good estimate of the masses. For all four models, the

estimated endpoints and calculated masses are summa-

rized in Table III. The fitted masses are all within ∼ 10%

of the true masses.

Summary and Outlook— In this letter, we explored

a novel method of measuring the absolute mass scale of

exotic particles in events with missing energy which is

inspired by boosted cascade decays. This method uses

the fact that in the boosted decay there is a limited vari-

ation in both the direction and magnitude of the total

three-momentum of missing particles relative to the total

three-momentum of the visible partners. The boundary

of the allowed region, or the MET-cone, is determined by

the mass parameters and the configuration of the visible

particles. We constructed a variable mtest
χ1

which has has

endpoints in the approximate collinear case. These end-

points depend on the masses involved in the final step

decay, and once observed from the data, can be used to

determine these masses.

The mtest
χ1

variable works best in the collinear limit.

Given the data, the evidence of collinearity in the final

step decay can be seen in various ways. First, one would

see a peak at 0 in the ∆ �Emin
T / �E exp

T distribution. Second,

one would see well-defined endpoints in the mtest
χ1

distri-

bution. Once the masses of χ1 and χ2 are measured, one

can find the masses of heavier exotics in the upstream of

the decay using more standard techniques.

We have demonstrated our method in a setup with

two symmetric decay chains with a two-step cascade de-

cay, however it applies for longer decay chains as well.
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Is it a boosted decay chain? 

               distribution peak 
towards zero
|�pT,x/�ET | < 0.15

Sharp endpoints in Mtest 
distribution

Measure upstream exotica masses, check whether it is 
consistent
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Other Channels ?  

    can also decay through slepton --> di-lepton 

Edges, End-points etc.

• Simple decay chain:††

Z Y X

ln lf

In general, mmax
!! = MZ − MX (gives mass difference).

If Y is also on-shell, mmax
!! =

√
(M2

Z − M2
Y )(M2

Y − M2
X)/MY .
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††Bachacou, Hinchliffe and Paige, arXiv:hep-ph/9907518.
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Invariant mass is not fixed, but can select events near the 
upper endpoint. 

Mmax
ll ∼ mχ2 −mχ1

χ2

work in progress



ŝ ≥ 4m2
Q

Use CM energy Variable

�pχ1,a = ka �pX,a

�pχ1,b = kb �pX,b






ka =
py

X,b �p x − px
X,b �p y

−py
X,apx

X,b+px
X,apy

X,b

kb =
−py

X,a �p x + px
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X,apy

X,b

 Reconstruct missing particle momenta using collinear approx.

Reconstruct CM energy of the collision                                                   

θ χ1χ2

θ χ1

χ2

ET

a

b

lower endpoint provide an estimate of the mass of mother particle
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Use CM energy VariableThis observable only depends on mtrial
χ1

. So in the collinear limit, the endpoint of
√

ŝcalc

provides a new constraint on mQ and mtrial
χ1

, which can be combined with other constraints

to determine the mass. This can indeed be done for the examples we discussed in the

previous section. The
√

ŝcalc/2 distributions are shown in Fig. 7, where we use selection cut

pX > 100, 400 GeV. Other cuts are given below:

• pT > 50 GeV for jet

• |η| < 3 for jet

• missing ET cut Emiss
T > 100 GeV

It is very clear there is an endpoint in the distribution for model 1 for both values of

pZ cut, and the endpoint positive match the true mass mQ = 1000 GeV. For the model

2, the endpoint is not apparent with pZ > 100 GeV. However, it becomes sharper with

pZ > 400 GeV as expected, and the position match well with the true mass mQ = 1250 GeV.
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FIG. 7: The distributions of
√

ŝcalc/2 for Model 1 and 2 with cut pZ > 100, 400 GeV in red and

black respectively(the distributions with larger pZ cut are rescaled). The trial LSP mass is taken

to be the true mass mχ1 = 100 GeV. The endpoint of the distribution gives a good estimation of

the squark mass.

So far, we have shown that the endpoint of
√

ŝcalc distribution gives a reliable estimate

of mQ if mχ1 is known. Now suppose mχ1 is unknown, the endpoint position instead gives

a function f(mtrial
χ1

) which satisfy f(mχ1) = mQ. This constraint can be used to solve these

masses if combined with other constraints, e.g. mT2 endpoints or invariant mass endpoints.

Unlike many other methods for determination of the mass, one advantage of this observable

is that it use all objects in the events and therefore does not suffer from the combinatoric

problem[? ].
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Summary and Outlook

✦ LHC may discovery new physics via large        , difficult for 
mass measurement - key information for studying cosmic relic 
dark matter

✦ MET-cone and mtest variable are useful tools for mass 
measurement in boosted events with      .

✦ Further explore the idea of MET-cone and develop a more 
general method that can apply for less-collinear events. 

✦ More realistic collider study: include detector effects on MET,  
initial/final-state radiation etal 

�ET

�ET


