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• Gluino/squarks will be produced copiously at the LHC.

• Gluino/squark mass reconstruction is very important 
issue.

• For heavy particle productions, initial state radiation 
(ISR) jets are rather hard.

• The hard ISR jets become serious BG for SUSY mass 
reconstruction.

• We propose a new method to remove the ISR BG using 
MT2.

Introduction



ISR in heavy particle production at the LHC

Final state parton shower

Hard process 
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Impose factorisation of perturbative/nonperturbative parts
of an event       allows decomposition into different stages
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ISR jets in heavy particle 
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ME/PS matching

Double counting is avoided by ME/PS matching.
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MLM matching

2 jet with ME partons

ex. qq+j: qq(exclusive) + qqj (inclusive)
exclusive

1 jet with PS

inclusive

3 jet with ME partons

1 jet with PS
discard

matched matched

matched



Matching with
MadEvent-Pythia

Johan Alwall
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Conclusions

Results 1: W± + jets

Important background (especially at the Tevatron)

Only one hard scale

Mainly initial state radiation

Implemented by all matching softwares

HT =
P

visible p⊥+ !E⊥ for matched W+jets sample compared to Pythia
with “power showers” (which underestimates by factor 4 - 10).

Cuts: !E⊥ > 50 GeV, p⊥(lead jet) > 80 GeV, p⊥(2nd jet) > 50 GeV.
Detector simulation: PGS

15 / 22

HT =
∑

vis

p⊥+ ! ET

Matching results in W + jets

’07 J.Alwall
HT distributions are modified by 
extra jets mainly from ISR jets

@Tevatron

ET > 50 GeV



MT2
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Figure 9: mT2 distribution with (a) mχ = 10 GeV and (b) mχ = 350 GeV for the AMSB
parameter point (71).
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Figure 10: mmax
T2 as a function of the trial LSP mass mχ for the AMSB parameter point

(71).

GeV and 350 GeV, respectively. On the figures, hatched histogram corresponds to the
balanced mT2 values, while black histogram to the unbalanced ones. As anticipated, one
can notice that for mχ = 10 GeV, which is smaller than true LSP mass, the endpoint of
the mT2 distribution is determined by the balanced mT2 solutions, while both balanced
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’07 W.Cho, K.Choi, Y.G.Kim, C.B.Park

MT2 = min
pT
1χ+pT

2χ=pT
miss

[
max

(
MT (pvis

1 , pT
1χ,mtest

χ ),MT (pvis
2 , pT

2χ,mtest
χ

)]
.

There is a kink at the 
true LSP mass.

MT2 ≤ mg̃ mχtest = mχ0
1

We consider effect on MT2 
from an additional ISR jet.

’99 Lester,  Summer
’03 Barr, Lester



ISR in gluino production
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Splitting function

ISR quark  jet is hard and 
tends to be emitted forward

ISR gluon  jet is soft.



MC simulation

pp→ g̃g̃ + j → (qqχ̃0
1)(qqχ̃

0
1) + j

mg̃ = 685 GeV, mq̃ = 1426 GeV, mχ̃0
1

= 102 GeV,

ME/PS matching

Madgraph/Madevent

Detector simulation AcerDet

Cross section = 2.5 pb
Luminosity = 40/fb

B(g̃ → qqχ̃0
1) = 1



pp

How to define pvis

p1

p2

p3

p4

pvis
1

pvis
2

MT2 = min
pT
1χ+pT

2χ=pT
miss

[
max

(
MT (pvis

1 , pT
1χ,mtest

χ ),MT (pvis
2 , pT

2χ,mtest
χ

)]
.

1. Consider 4 highest pt jets 
(p1-p4).

2. Assign p1(p2) to p1vis(p2vis)

3. Assign p3,p4 to either 
p1vis or p2vis.

4. take the combination which 
gives the smallest MT2.

simple example



reconstructed MT2
mtest

χ = 102 GeV

N(inclusive)/N(exclusive)=1.4

Large contribution from hard ISR.

Total

inclusive

exclusive

input gluino 
mass

gluino+gluino

gluino+gluino
+hard ISR with 

PS



pt order of ISR parton among five parton

ISR parton is the 5th softest parton:  only 22 %

high probability to misidentify the jets from gluino decay



MT2min 
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FIG. 2: a)(left pT distribution of the additinal parton for
pp → g̃g̃j. The dotted(dashed) line shows the distribution for
j = g(q). b) (right) pT order of the ISR parton among the
five parton of the inclusive sample.

FIG. 3: a) (left) Distribution of Mmin
T2 at jet level for the

events with n50 ≥ 5 and imin ≥ 3. b) (right) parton level
Mmin

T2 distribution for the 5 parton sample.

state parton among all partons, ordered in pT , is plotted.
The probablity that ISR parton is the 5th, softest, parton
is only about 22% of all five parton events.

One may recover the clean end point by requiring ex-
actly 4 jets with pT > 50 GeV in the final state (Fig. 1
b). However, this selection is not practical for general
MSSM model points. The reason is that we expect the
decay branching ratio into heavier neutralino or chargino,
g̃ → χ̃0

i qq̄, χ̃
+qq̄′, to be large, where χ̃0

i , χ̃
+
i further de-

cays into jets and leptons. The branching ratio for both
of the gluinos to decay into 2 jets and LSP may be small,
in which case this cut would reduce the statistics signifi-
cantly.

A better solution is obtained by taking into account the
existence of additional ISR jets in the analysis. Given the
high probability to have ISR jets, we should regard the
process we are interested in as a five-jet system rather
than the four-jet system expected at the lowest order.
We therefore propose the reconstruction of a five jet dis-
tribution, rather than four jet distribution hitherto con-
sidered.

For this purpose, we define MT2(i) (i = 1..., 5) , where
MT2(i) is calculated from the five highest pT jets, exclud-
ing the i−th highest pT jet.

MT2(i) = MT2(p1, ..., pi−1, pi+1, ...p5) (2)

We find that the problem arising from the ISR is sig-
nificantly reduced if we look at the Mmin

T2 distribution,

FIG. 4: The test mass dependence of the Mmin
T2 end point.

where

Mmin
T2 ≡ min

i=1,..5
(MT2(i)). (3)

At the parton level, Mmin
T2 contains at least one correct

parton combination, and therefore Mmin
T2 < M end

T2 . The
jet level distribution is shown in Fig. 3 a) for events with
n50 ≥ 5 and imin ≥ 3, where imin satifsy MT2(imin) =
Mmin

T2 . Note that the events in Fig. 3 a) are statistically
independent from those in Fig. 1 b).

In the figure, we do not include the events with imin =
1, 2, because MT2(1), and MT2(2) tend to be softer than
the others since the removed jet has a high pT . The
distribution of imin = 1, 2 appears to be smeared and
the end point is not well determined. The parton level
Mmin

T2 distribution for the five parton sample is given in
Fig. 3 b).

We fit a f(x) to the Mmin
T2 distributions, where f(x) =

Θ(x − M end)[a1(x − M end) + b]+Θ(M end − x)[a2(x −
M end) + b] to see if the end points are recovered cor-
rectly. The fitted end point M end

T2 is 692.3 ± 1.2 GeV at
parton level for 5 parton events with iparton

min ≥ 3. This
should be compared with M end

T2 for the parton level MT2

distribution calculated using the partons coming from
the g̃ decay, 694.1 ± 0.5 GeV. The M end

T2 end point at
jet level is 691.5± 3.9 GeV for events with n50 ≥ 5 and
imin ≥ 3. The M end

T2 calculated for n50 = 4 events is 692.3
± 2.4 GeV. These values are consistent with the input
gluino mass mg̃ = 685 GeV. The central value depends
slightly on the fit region, and careful study is needed to
identify systematical errors. As a cross check, we also
study the distributions with kT and anti-kT jet recon-
struction algorithms[12] and find the results are consis-
tent with these values. We have also checked the test
mass dependence on the end point. In Fig. 4, the bars
show the fitted Mmin

T2 end points and the error for the
events n50 ≥ 5 and imin ≥ 3. The end points are close to
the expected end point values shown in the solid lines.

Several comments are in order. First, to study longer
cascade decay chains, we have to consider processes with
more than four final state jets. For example, when g̃ de-
cays into heavier inos, there may be additional jets com-
ing from the neutralino and chargino decays. With GUT
relations for the gaugino masses, jets coming from the end
of the cascade decay chains are softer than those coming
directly from the gluino decay. Our assumption that one

3
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1. Consider 5 (not 4) highest 
pt jets (p1-p5).

2. Remove one of p1 and 
calculate MT2(i).

3. Take the minimum of 
MT2(i).

If we misidentify the ISR jet as a jet from 
gluino decay, MT2 tends to be large. 



f(x) = θ(x−Mend)[a1(x−Mend) + b] + θ(x−Mend)[a2(x−Mend) + b]

Reconstructed Parton

672.7± 3.5 GeV
675.4± 6.4 GeV imin ≥ 3 673.9± 2.5 GeV

MT2min distribution mtest
χ = 102 GeV

input gluino mass 685 GeV
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MT2 end points

MT2 end points are almost consistent 
with theoretical predictions.

njet(ET ≥ 50GeV ) ≥ 5

imin ≥ 3



Parton level

The removed jet is expected to be from ISR 
around the MT2min end points.

Mmin
T2 ≥ 500 GeV

Probability that 
removed jet is ISR 

44 %

29 %    for all events



η distribution for ISR jet
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|η|distribution : ISR parton vs jet that gives MT2min

ISR parton

je
t

for/backwardcental

fo
r/
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ck
wa
rd

65 % of the jet that 
gives MT2min match 
correctly with ISR 
parton for |eta|>2.

jets from gluino 
decay go central

jets from ISR go 
forward/backward 

ηcut may be useful to reject ISR jet.



• ISR is rather hard for heavy gluino productions.

• The hard ISR is included with ME/PS matching 
by Magraph/Madevent.

• We defined the MT2min variable by minimizing 
MT2 variables for all combinations.

• ISR can be removed by cuts to MT2min and 
MT2min end points become clear.

Summary


