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’Twas the night before Christmas, 

when all through the house
Not a creature was stirring, not even a mouse;

The stockings were hung by the chimney with care,
In hopes that St. Nicholas soon would be there;

by Clement Clarke Moore

 

The Night before 
Christmas

a famous poem 



Not quite “full scale“ this year but 

• I gave a talk in SUSY 2006, when it was  scheduled in 2007. 

• Though, it is not quite  in 14TeV,  LHC may be starting  this year.  10 TeV 
by Oct?  Good year?? GLAST also  launched on  June 11, 2008, and 
working so far.  

•  Theorists all hopes something new, “the gift”,   and you   must have your 
special plans for “the night before the LHC”  (the item may vary from 
CMSSM minimum to  unparticle, though. ) Real people(Ex and Acc)  are 
working like  hell... quenches, crygentic systems,....

• Most likely the era of “freedom of model building”  (SUSY, e-dim, black 
holes, branes....) will over.  There will be more data, more constraints, 
more handle

• but when? and how?  



I have shown this slide so many times

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

• “New physics” are migrated into SUSY 
category. 

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

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

• Signal:                                                           

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

pTl>20GeV,  ST>0.2                                       

ETmiss> max(100GeV, 0.2Meff )

t̃, b̃

Lepton partners 

Dark matter 
LSP, LKK, LOT

colored partner 
squark, gluino, 

g1, q1, extra quarks

gauge partners 

assume mass difference is large



SUSY Searches at the LHC -14- Oleg Brandt, Univ. of Oxford

mSUGRA reach at ATLAS & CMS (1 fb-1)

A0 = 0, µ > 0, tan! = 10, 5" contours (incl. systematics)

! Assumed uncertainties (ATLAS):

! QCD: 50%

! tt, V+j: 20%

1 fb-1

1 fb-1

! Beware:

! Different significance

definitions!

! CMS: syst. uncertainties

estimated for 10 fb-1

(except 0-lepton: 1 fb-1)

In principle, we can say 
lots using first 1fb -1. understand of 

background is the key.  



new direction since last year  “mT2” 
• MT2  uses missing ET as the constraint on possible LSP momenta to 

get the parent sparticle mass info . It has been known  as useful 
quantity for years(Barr, Lester, Stephens hep-ph/0304226)

• The MT2 is the function of a test LSP mass. Cho et al(arXiv:
0709.0288) realized that the MT2(mtest) has kink at the true LSP 
mass if the decay final state is 3 body.  Many applications in 
lepton channel, gauge mediation(sorry I do not write all references 
here.....)

• “Inclusive MT2”  can be used  in more general context to  
determine “the highest sparticle mass”. (MMN et al arXiv:
0802.2412 )The use for early stage model discrimination is 
discussed by Hubisz et al  (arXiv:0805.2398)

• It is also useful to guess  m(squark) and  m(gluino) simultaneously 
(Nojiri,Sakurai, Shimizu, and Takeuchi to appear.)



• I always decided  to skip this awfully complicated 
definition in my SUSY talks . 

• motivated by hadron collider transverse mass 
analysis, expand it for two missing massive particles
(LSP). 

• a set of true LSP momenta can be  trial LSP 
momenta, so min(max(MT1,MT2)) is bounded above 
by the parent sparticle masses of the events. 

• Amazingly, it works. (see next slide.) 

the final state†. In this paper, we will concentrate on the case that each mother particle
decays into the same set of daughter particles, since such symmetric decay typically has
higher event rate while showing the non-trivial structure which will be discussed in the
following. Fig. 1 shows an example of such process in which mother superparticles were
pair-produced and each of them decays into one neutralino LSP (!̃0

1) and some visible
particles. While the invisible part of each decay consists of only one particle (neutralino
LSP), the visible part might contain one or more visible particle(s) in general.

Figure 1: Kinematic situation for mT2 where pmiss
T denotes the total missing transverse

momentum.

With two invisible LSPs in the final state, each LSP momentum can not be determined
although the total missing transverse momentum pmiss

T can be measured experimentally.
Furthermore, the LSP mass might not be known in advance. In such situation, one can
introduce a trial LSP mass m!, and define the mT2 variable as follows [10, 11]:

mT2(p
vis(1)
T , m(1)

vis, p
vis(2)
T , m(2)

vis, m!) ! min
{p!(1)

T +p
!(2)
T =!p

vis(1)
T !p

vis(2)
T }

!

max{m(1)
T , m(2)

T }
"

, (5)

where the minimization is performed over trial LSP momenta p
!(i)
T constrained as

p
!(1)
T + p

!(2)
T = pmiss

T ,

†In Ref.[11], mT2 has been further generalized to the case involving more missing particles than two.

3

Max 

Min(Max) 

missing PT

pTvis1
pTvis2

MT2 can be defined when there are two visible objects and the 
missing momentum of a event as follows 

classic mT2 (Barr, Lester,Stephens) 



from LHC/LC(2004) and recent ATLAS study

SUSY Searches at the LHC -9- Oleg Brandt, Univ. of Oxford

0-lepton Search: di-jets (ATLAS)

! Di-jet search relatively new at ATLAS

! Using new variable mT2 (large      ,         and      ):

! Trigger:                            and

! Cuts:

! 2 jets in |!| < 2.5 :

" j1:

" j2:

!

!

! No isolated leptons

cut

SU3
1 fb-1

5 Supersymmetric Models
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Figure 5.15: Distribution of MT2 for the events passing the cuts. In red is shown the Standard
Model background. The integrated statistics in the plot is 30 fb!1.
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Figure 5.16: Distribution of MT2 for events passing the cuts. Superimposed is the fit described
in the text.

230 Largest S/N here 

squark mass from very sharp
mT2 end point.  

good signal background ratio,but 
QCD background maybe important 

pp ! q̃Rq̃R ! 2j!̃0

1!̃
0

1

need high cuts 
such as pT(jet1, 2)>200GeV 



second example LSP mass and MT2

• Kink at mtest=mLSP. LSP mass from jets 
+missing Et channel. 

• The  end point events  different for 
mtest<mLSP and mtest> mLSP.  

• The relation is not sensitive to initial 
state radiation, sparticles boosts. 

• Many systematics. Jet momentum, 
fitting function dependence--especialy 
near the kink. 
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Figure 9: mT2 distribution with (a) m! = 10 GeV and (b) m! = 350 GeV for the AMSB
parameter point (71).
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Figure 10: mmax
T2 as a function of the trial LSP mass m! for the AMSB parameter point

(71).

parameter point in a minimal anomaly mediated SUSY-breaking (AMSB) scenario [16],
which give

mg̃ = 780 GeV, m!̃0
1

= 98 GeV, (71)
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large mjj events 

small mjj events 

 

increase 

test mass 

pp ! g̃g̃ ! 4j!̃0

1!̃
0

1

Cho Choi Kim Park 
arXiv:00711.4526 arXiv:0709.0288



LSP

squark m(jll)

m(ll)m(jl)

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

 LSP mass determination from mll chananel 
Br(sq-> chi02-> sl-> LPS ) =0.3 x 0.1

jet 

lepton 

lepton 

from ATLAS TDR
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Early SUSY measurements with 1 fb-1

(if MSUSY < 1 TeV)

! After re-optimisation of cuts:

! After flavour substraction:

SU3
1 fb-1

SU3
1 fb-1

SU4
0.5 fb-1

SU4
0.5 fb-1

m=100, M=300

m=200, M=160 



summary of SPS 1a 

• Most of mass error is LSP mass error.  Mass differences are 
known rather precisely

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

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

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

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

squark(L) 540 21.2 8.7

squark(R) 520 17.7 11.8 MT2 10GeV sys 

378 14.6 5.1
177 13.4 4.7
96 13.2 4.7

from LHC/LC study 

!̃
0
4

!̃
0

2

!̃
0

1

Good results b
ut only for lig

ht sle
pton , 

low mass S
USY and high luminosity

MMN 
SUSY06



hemisphere method 
and inclusive mT2 

• define MT2 variable without specifying initial 
state. (work for complicated decay chains) 

• take two leading jets (A, B) , associate the other 
jets (C)  into either A or B using Lund distance 
measure. Take Hemisphere momentum,the  sum 
of jet momenta in the same group( D, and E ) , as 
visible object.  

• “decay products of a sparticle ⇄　          a 

hemisphere” with reasonable probability. (~30% 
is perfect) mis-assignment tend to give small mT2. 

• Other approach MTGEN(Lester and Bar 0708.1028)

try all particle combination and minimize. 

A

B

C

D

E

number of misassigned partons

MMN, Shimizu, Kawagoe, Okada

all
0

1000

2000

3000

4000

5000

0 1 2 3 4 5 6 7 8 9 10

ID
Entries
Mean
RMS

           3100
          14380

  2.727
  1.130

random assignment 

pe
rf

e
from Nojiri ,Shimizu,

Takeuchi ,Sakurai  in preparation
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mSUGRA reach at ATLAS & CMS (1 fb-1)

A0 = 0, µ > 0, tan! = 10, 5" contours (incl. systematics)

! Assumed uncertainties (ATLAS):

! QCD: 50%

! tt, V+j: 20%

1 fb-1

1 fb-1

! Beware:

! Different significance

definitions!

! CMS: syst. uncertainties

estimated for 10 fb-1

(except 0-lepton: 1 fb-1)

What happens if we apply “the inclusive MT2” 
 to SUGRA like points 

(but turning mu paramter so that Ωh2~0.1 )

Model lines I am 
showing in next 

slide



tracing  squark  mass

msq=881GeV
mgl=745 

msq=1342GeV
mgl=795

SUSY mass scale from inclusive analysis

Start from multijet + /ET signature.

Simple variable sensitive to sparticle mass scale:

Me! =
!

i
|pT (i)| + Emiss

T

where pT (i) is the transverse momentum of jet i
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ground (brown)

(mSUGRA m0 = 100 GeV, m1/2 = 300 GeV, tan ! = 10,

A = 0, µ > 0)

A cut on Me! allows to separate the signal

from SM background

The Me! distribution shows a peak which

moves with the SUSY mass scale.

Maybe inclusive MT2  is better than Meff because BG  is small 
in the region sensitive to the mass. 
note: Meff peak position  is average gl/sq mass, but the region 
may be affected  by background.  

Other approach MTGEN(Lester and Bar 0708.1028)
try all particle combination and minimize. 

number of events/1 fb（50000events generated and scaled ） 

Isasusy+herwig+AcerDet

+177GeV-294GeV 

msq＝1175GeV

mgl＝773 

9.4pb 
(4.3pb with squark) 

6.1pb (1.38pb) 
5.3pb(0.78pb) 
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Fig. 6. The mass spectra of the models LH2, NM6, NM4 and CS7. Only the most relevant partners are shown: the
lighter gauginos !̃0

1, !̃0
2 and !̃±

1 , the lightest stau "̃1, the right-smuon and selectron denoted collectively as #̃R, the gluino,
and the left/right up and down squarks ũL, ũR, d̃L and d̃R. For the little Higgs model LH2, the relevant quark and
vector partners are shown: the gauge boson partners AH , ZH , WH , and the three generations of quark partners ui

H , di
H ,

i = 1, 2, 3.

Table 9. Parameter choices defining the little Higgs model
LH2. We choose our conventions to agree with those found
in [29]: f is the symmetry-breaking scale, $i

q is the T -odd
quark Yukawa coupling, $i

l is the T -odd lepton Yukawa
coupling and sin % is a mixing angle. CKM mixing has been
suppressed for our analysis.

.

f 700 GeV

$i
q 0.55

$i
l 2.0

sin % 0.17

tlest Higgs model with conserved T parity. The param-
eter choices defining this model are shown in Table 9.
The mass spectrum of the lighter partners is shown in
Figure 6; not shown are the heavier top partners T+,

T! with tuned masses 3083 and 3169 GeV respectively,
the charged lepton partners !1

H , !2
H , !3

H with mass 2522
GeV and the neutrino partners "1

H , "2
H , "3

H with mass
2546 GeV. Model LH2 is consistent with all current
experimental constraints [29,40].

NM6, NM4 and CS7 are all MSSM models. The
high scale input parameters are listed in Table 10. We
have used mtop = 175 GeV and the spectrum gener-
ator SuSpect v2.34 with SUSY-HIT v1.1. The mass
spectra are shown in Figure 6; not shown are the heavy
gluinos of NM6 and NM4 with masses 2000 and 1536
GeV respectively, and the >! 2 TeV squarks of model
CS7.

The SUSY model NM6 was chosen to have a spec-
trum identical to that of the little Higgs model LH2,
apart from the heavy gluino that has no counterpart in
LH2. Thus to a good approximation these two models
di!er only by the spins of the partners. While LH2 and

Little Higgs SUSY models 

2.3pb 10.3pb 5.0pb6.5pb 
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Table 20. Summary of the best discriminating ratios for model comparisons in Group 2. The models listed in rows are
taken as simulated data, with either 100 or 1000 pb!1 of integrated luminosity assumed, and uncertainties as described
in the text. The models listed in columns are then compared pairwise with the “data”. In each case, the three(five)
best distinct discriminating ratios for 100(1000) pb!1 are shown, with the estimated significance. By distinct we mean
that we only list the best ratio of each type; thus if r(5j)(4j) is listed, then r(4j)(3j) is not, etc. Square brackets denote
ratios defined in the DiJet, Trijet or Muon20 boxes; all other ratios are defined in the MET box, and r(DiJet), r(TriJet)
denotes the ratio of the number of events in the DiJet/TriJet boxes to the number in the MET box. The mT2 ratios are
computed using the LSP mass of the relevant “theory” model, not the “data” model.

LH2 NM4 CS7

LH2
100 r(mT2-500) 4.9! r(mT2-500) 6.7!

r(Me!1400) 3.0! r(MET420) 6.5!
r(M1400) 2.7! r(4j)(3j) 4.0!

1000 r(mT2-500) 14.1! r(mT2-500) 18.9!
r(mT2-300) [TriJet] 11.0! r(MET420) 16.7!
r(mT2-400) [DiJjet] 7.9! r(mT2-500) [TriJet] 8.8!
r(Me!1400) 7.2! r(4j)(3j) [DiJet] 7.3!
r(M1400) 6.6! r(mT2-300) [DiJet] 6.7!

NM4
100 r(Me!1400) 4.2! r(Me!1400) 4.3!

r(M1400) 4.0! r(DiJet) 4.1!
r(mT2-400) 3.8! r(MET420) 4.0!

1000 r(Me!1400) 10.8! r(Me!1400) 11.2!
r(TriJet) 10.4! r(MET520) 10.6!
r(M1400) 9.8! r(DiJet) 10.6!
r(DiJet 8.2! r(HT900) 9.0!
r(HT900) 8.0! r(4j)(3j) 6.1!

CS7
100 r(MET420) 4.9! r(4j)(3j) 4.4!

r(4j)(3j) 4.6! r(MET420) 3.3!
r(mT2-400) 4.1! r(Hem1) 3.2!

1000 r(5j)(3j) [DiJet] 16.8! r(4j)(3j) 9.4!
r(TriJet) 10.4! r(5j)(3j) [DiJet] 7.4!
r(MET420) 9.6! r(Me!1400) 7.4!
r(4j)(3j) 9.5! r(DiJet) 6.9!
r(mT2-500) 8.3! r(HT900) 6.2!

Thus the discriminating power of r(mT2-400) in
this case is correlated with r(5j)(3j), not with kine-
matic ratios like r(HT900) and r(Me!1400).

It is important to note that the mT2 ratios have
some ability to discriminate based on neutrinos in the
final state: Figure 22 shows a comparison of the mT2

distributions for LM2p events containing neutrinos ver-
sus those without neutrinos. The events with neutri-
nos have a softer mT2 distribution, i.e. the subsample
with neutrinos is less e"cient at populating the mT2

upper endpoint. Models LM2p and LM5 di!er greatly
in the proportion of events after selection that have
neutrinos: about 50% for LM2p but only about 10%
for LM5. The neutrino content e!ect on the mT2 dis-
tributions actually reduces the discrimination of LM2p
versus LM5, because the neutrino e!ect works in the
opposite direction from the dominant e!ect of jet mul-
tiplicity.

This example shows that the interpretation of the
mT2 ratios requires a comparison with other discrimi-
nators. If the mT2 ratios r(mT2-xxx/yyy) have a high

significance positively correlated with e.g. r(HT900)
and r(Me!1400), then the mT2 ratios are predomi-
nantly indicating kinematics. If the mT2 ratios r(mt2-
xxx) have a high significance but r(mT2-xxx/yyy) do
not (as occurred here), we expect they will be posi-
tively correlated with the jet ratios, indicating a dif-
ference in the multiplicity of reconstructed objects. If
the mT2 ratios r(mT2-xxx/yyy) have a high signif-
icance uncorrelated or negatively correlated with ei-
ther kinematics or jet multiplicity, this could signal
the presence of three unseen particles (e.g. two LSPs
and a neutrino) in the final state of a large fraction of
events.

7.3 CS4d vs LM8

This is the second most di"cult pair of look-alikes
in our study. From Figure 5 we see that the gluino
and squark superpartner spectra are roughly similar.
The gluino masses agree to within 10 GeV; in LM8

• MT2 is more sensitive to the SUSY mass scale 
itself. 

• LH model:  quark partner (spin 1) large cross 
section 

• Corresponding SUSY(cross section with same 
order) has lighter  mass. inclusive MT2 becomes 
very good measure to separate them. 

• using shape rather than end point. “misusing”?  
need more understanding of  the shape.

early stage discrimination
(Hubisz,Lykken,Pierini,Spiropulu arXiv:0805.2398)

100pb-1 may not be realistic 



“1 jet subtracted mT2” (NEW!) 

• gluino-squark co-production is 
dominant part of  SUSY 
production cross section. 

• Squark either decay into gluino/
or neutralino/chargino. High pT 
jets are expected.   

• So,  remove the highest pt jet 
from the jet system, calculate 
MT2 for the rest, it  gives us 
gluino mass if                            
m(squark)>m(gluino) 

•  Determine both gluino 
and squark masses 

m(gl)=745GeVm(sq)=881GeV 

m(sq)=1257GeV m(gl)=779GeV

model f(9.5pb)  

model  c(5.8pb)

MT2 MT2(sub)

require  only one jet 
with PT> 300 GeV 

Nojiri, Sakurai, 
Shimizu, Takeuchi

in preparetion



ETmiss constraint and mass 
determination

• We have seen that missing Et constraint has independent LPS 
information. 

• How  about if we apply  this to 4 lepton channel very well 
known channel 

State Input End-Point Fit Hybrid Method, Emiss
T

Hybrid Method, no Emiss
T

Mean Error Mean Error Mean Error

!̃0
1 96.05 96.5 8.0 95.8(92.2) 5.3(5.5) 97.7(96.9) 7.6(8.0)

l̃R 142.97 143.3 7.9 142.2(138.7) 5.4(5.6) 144.5(143.8) 7.8(8.1)
!̃0

2 176.81 177.2 7.7 176.4(172.8) 5.3(5.4) 178.4(177.6) 7.6(7.9)
q̃L 537.2–543.0 540.4 12.6 540.7(534.8) 8.5(8.7) 542.9(541.4) 12.2(12.7)

Table 1: Summary of mass measurement precisions for SPS1a states. Column 2 lists masses used
in the HERWIG generator, Columns 3 and 4 the fitted masses and uncertainties obtained from the
conventional fit to kinematic end-points, Columns 5 and 6 the equivalent values obtained with
the new technique and Columns 7 and 8 the equivalent values obtained with the new technique
excluding Emiss

T
constraints. Figures in parentheses are those obtained with the biased sample of

non-repeated events. All masses are in GeV. The quoted mass range for q̃L excludes b̃ squarks,
which are produced less readily than the light squarks.

from the study. This approximation was checked with a second sample of SPS1a events

equivalent to 100 di!erent MC experiments, biased to force gluinos to decay to q̃L, b̃ or t̃,

q̃L to decay to !̃0
2 and !̃0

2 to decay to ẽ or µ̃. Excluding the SUSY background from this

sample was estimated to bias the mean mass values by < 1% and increase the uncertainties

by !5%. The uncertainties increase when the SUSY background is excluded because the

e!ect of the decrease in event statistics outweighs the reduction in bias caused by excluding

the primarily "̃ background events, which have similar kinematics to the ẽ and µ̃ signal

events.

The results of this study are summarised in Table 1. For comparison purposes the

analysis was initially carried out with the Emiss
T constraints removed from the !2 function.

The measurement precisions are consistent with those obtained from the conventional end-

point fitting method, as expected following the reasoning outlined in Section 3.1. The

analysis was then repeated including the Emiss
T constraints, giving an overall improvement

in sparticle mass precisions ! 30% for all four masses considered. A similar improvement

was found when using the biased sample of non-repeated events for di!erent experiments.

The measurement of mass di!erences is also improved, with for instance m(q̃L) " m(!̃0
1)

being measured with a precision of 4 GeV comparable with the natural widths of the light

squarks (! 5 GeV at SPS1a) and their mass di!erences (! 6 GeV). Further improvement

in mass measurement precision therefore probably requires that such e!ects be taken into

account, for instance in the definition of the !2 function in Eqn. 3.5.

4. Conclusions

A new technique for improving the precision of LHC mass measurements has been outlined

in which experiment-wise information, for instance invariant mass end-point constraints,

are combined with event-wise kinematic information such as Emiss
T constraints and mea-

sured four-momenta of visible decay products. For the SPS1a model considered here the

mass measurement precision was shown to improve by ! 30% for 100 fb!1 of data. SUSY

models with larger branching ratios for symmetric events containing the necessary decay

chain, or with more indistinct or poorly-measured kinematic end-points, might be expected

– 9 –

where Greek letters denote SUSY states, Roman letters denote visible SM decay products

and ! is the LSP. Denoting the two legs of the event with subscripts 1 and 2, the eight

mass-shell conditions are:

(p(a1) + p(b1) + p(c1) + p(!1))
2 = (p(a2) + p(b2) + p(c2) + p(!2))

2 = m2
! ,

(p(a1) + p(b1) + p(!1))
2 = (p(a2) + p(b2) + p(!2))

2 = m2
" ,

(p(a1) + p(!1))
2 = (p(a2) + p(!2))

2 = m2
#,

(p(!1))
2 = (p(!2))

2 = m2
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To these constraints should be added the two constraints provided by the event Emiss
T

components:

px(!1) + px(!2) = Emiss
x ,

py(!1) + py(!2) = Emiss
y , (3.3)

thus giving ten event-wise constraints in total (i.e. cevt = 10). The number of unknown

parameters appearing in these constraints is twelve – eight LSP four-momentum compo-

nents together with four unknown sparticle masses. With the definitions from Section 2 the

number of extra unknown parameters present in the event-wise fit relative to the end-point

fit is therefore nmom = 8. Consequently devt = !2 indicating a potential gain over the

end-point fit. In practice the four mass-shell conditions for each leg may be solved analyti-

cally to give a locally invertible map from the four sparticle masses to the four components

of the LSP four momentum. In this case cevt = 2 and nmom = 0, however devt is clearly

unchanged.

It is also interesting to consider the above example when Emiss
T constraints are not

included in the event-wise fit. In this case nmom = 8 and cevt = 8 (or equivalently nmom = 0

and cevt = 0 if solving the mass-shell conditions) and hence devt = 0. Each leg of the

event is independent and the event-wise constraints just map sparticle masses to LSP four

momenta. The event-wise fit is therefore equivalent to solving the kinematic end-point

mass constraints and no gain in mass precision is obtained. The situation changes when

the Emiss
T constraints are applied because in this case the kinematics of the two legs are

connected.

Note that an alternative, related, approach to this n = 4 problem can also be taken.

Namely, one merely utilises the equivalence of the fitted masses in the two legs of the event.

In this case the constraints in Eqns. 3.2 and 3.3 reduce in number to six (since the masses

appearing in Eqn. 3.2 are a priori unconstrained) and hence two degrees-of-freedom remain

(devt = 2). Thus each event is under-constrained. The LSP four-momenta which satisfy

the constraints for a given event define a two-dimensional surface in the four-dimensional

m$, m#, m" , m! space. If a few events of this kind can be found, it is possible to solve

for the masses, which are given by the coordinates of the point of intersection of all the

event 2D surfaces in the 4D space. This approach is similar to the mass relation method

described in the introduction and will be studied in full in a future paper.
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3.2 Concrete example: q̃L decays at the SPS1a mSUGRA benchmark point

Let us now examine in detail a concrete realistion of the decay chain discussed above. At

mSUGRA point SPS1a there is a significant branching ratio for the decay chain

q̃L ! !̃0
2q ! l̃Rlq ! !̃0

1llq. (3.4)

This chain provides 5 kinematic end-point mass constraints from invariant mass combina-

tions of jets and leptons [12]:

• m(ll)max = 77.08 ± 0.08(scale) ± 0.05(stat) GeV

• m(llq)max = 431.1 ± 4.3(scale) ± 2.4(stat) GeV

• m(llq)min = 203.0 ± 2.0(scale) ± 2.8(stat) GeV

• m(lq)max
hi = 380.3 ± 3.8(scale) ± 1.8(stat) GeV

• m(lq)max
lo = 302.1 ± 3.0(scale) ± 1.5(stat) GeV

For this study unbiased samples equivalent to 100 fb−1 (one Monte Carlo ‘experiment’)

of SPS1a signal events and tt̄ background events were generated with HERWIG 6.4 [13, 14]

and passed to a generic LHC detector simulation [15]. A lepton reconstruction e!ciency

of 90% was assumed.

Events were selected in which the above decay chain appears in both legs of the event

with the following requirements:

• Njet " 2, with pT (j2) > 100 GeV,

• Meff2 = Emiss
T + pT (j1) + pT (j2) > 100 GeV,

• Emiss
T > max(100 GeV,0.2Meff2),

• Nlep = 4, where lep = e/µ(isolated) and pT (l4) > 6 GeV,

• 2 Opposite Sign Same Flavour (OSSF) lepton pairs. If the pairs are of di"erent

flavour both pairs must have m(ll) < m(ll)max. If both pairs are of the same flavour

then one and only one of the two possible pairings must give two m(ll) values which

are both less than m(ll)max. These pairings allocate the leptons to each leg of the

event.

• One and only one possible pairing of the two leading jets with the two OSSF lepton

pairs must give two m(llq) values less than m(llq)max. These pairings allocate the

jets to each leg of the event.

• For each inferred leg of the event the maximum(minimum) of the two m(lq) values

must be less than m(lq)max
hi(lo). This ordering allocates the leptons to the near and

far [2] positions in the decay chain.

– 5 –

with 4 end point info 

＋10 event wise constraint  for 8 unknowns 

(LSP momentum)  
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tional uncertainty in the di-muon di-electron edge di!er-
ence as estimated by the fit error on the less well deter-
mined endpoint added in quadrature to the energy scale
uncertainty) by

" =
!

(0.002
"

22100/N)2 + 0.0012, (6)

for N expected signal events in the di-lepton channel.
In this expression, the “0.001 term” represents the 0.1%
absolute energy scale error described earlier. Note that
the di-lepton edge sensitivity " is not to be confused with
the slepton mass sensitivity E defined later.

By the above definition, the edge sensitivity " is a
measure of the scale down to which fractional di!erences
in endpoint positions #mll/mll can be measured. More
precisely, assuming that the endpoint fit error is approx-
imately Gaussian distributed, it should be possible to
make an “S1-sigma” discovery of selectron-smuon pole
mass non-universality (i.e. rule out a null hypothesis of
“no splitting in the di-electron and di-muon endpoints”
at the S1-sigma level) for a real endpoint splitting of size
#mll according to

S1 =

#

#

#

#

#mll

mll

#

#

#

#

÷ ". (7)

In what follows we will therefore refer to S1 as the
“discovery significance” for selectron-smuon mass non-
universality. We note that, when calculating S1, the
numbers of events Nee contributing to the e+e! di-lepton
signal may di!er from the number of µ+µ! pairs Nµµ

due to phase-space di!erences induced by the mass dif-
ferences. If systematic uncertainties on trigger and recon-
struction e$ciencies can be controlled, this could provide
an additional means of testing selectron-smuon mass uni-
versality by looking at significant di!erences from zero in
the statistic

S2 =
Nee ! Nµµ"

N
(8)

which, like S1, will be approximately normally dis-
tributed. We do not use S2 ourselves.

In the examples which follow we calculate the N in
S1 for 30 fb!1 of integrated luminosity at the LHC us-
ing WIGISASUGRA1.200 and HERWIG6.5 [20]. Perform-
ing a Markov Chain Monte Carlo maximisation on S1

in mSUGRA, we find a maximum value S1 = 0.52 af-
ter direct search constraints have been applied. Thus
we find that the smuon-selectron splitting cannot be dis-
criminated from zero in mSUGRA at the LHC. On the
other hand, any significant measured di!erence in the end
points at the LHC will discriminate against mSUGRA.
A future international linear collider would achieve much
improved accuracy [19] upon the mass splitting and could
be combined with other constraints to help bound tan!
assuming mSUGRA.

We wish to emphasise that the reason mSUGRA fails
to generate an observable edge splitting is not the one
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FIG. 4: Expected 30fb!1 1-sigma sensitivity, E, to selectron-
smuon mass splitting in perturbed mSUGRA around SPS1a.
The region to the right hand side of the almost-vertical line
has m!̃1

< m"0
1
. The region underneath the mostly horizontal

line has m"0
2
!ml̃ < 10 GeV. The lighter lines show contours

of log
10

E = !2,!2.5,!3 (top to bottom)

often suggested. It is not true that the muon and elec-
tron Yukawa couplings are too small to play any role in
the RGEs. Indeed, at large tan! the RGEs, combined
with the enhancement factor, can generate slepton spec-
tra giving edge splittings at the per cent level. The real
reason is that in this case "̃R is driven light and it dom-
inates the #0

2 decay modes, with BR(#0
2 # l̃Rl) $ 1

and BR(#0
2 # "̃1") % 1. In models where there is extra

third family physics that would lead to the weak scale
mass ordering m!̃R

> m"0
2

> ml̃R
> m"0

1
, the selectron

and smuon RGEs can be su$cient to generate electron-
muon edge splittings that can be significantly discrimi-
nated from zero. As an example, we consider the point
m0 = 148 GeV, M1/2 = 250 GeV, A0 = !600 GeV,
tan ! = 40 with m!̃L,R

(MX) = 950 GeV. At this point,
#ml̃/ml̃ = 2.3 & 10!3 and #mll/mll = 1.5% whereas
" = 0.27%, allowing an (S1 > 5)-sigma discovery signifi-
cance for smuon-selectron pole mass non-universality.

We now focus directly on the sensitivity to slepton
mass splittings and analyse how degenerate the selectron
and smuon masses can be while still allowing a 1-sigma
sensitivity to a non-zero mass di!erence. We do this as-
suming 30fb!1 in perturbed mSUGRA around SPS1a. In
perturbed mSUGRA, we take mSUGRA boundary condi-
tions but we allow mµ̃R

to float away from the mSUGRA
prediction, as could be derived from #m2

l̃
(MX) '= 0 in

Eq. 4. By using Eqs. 5 and 7, setting S1 to 1 we ob-
tain the fractional slepton mass splitting which might be
discriminated from zero at the 1-sigma level:

E (
#ml̃

ml̃

#

#

#

#

S1=1

=
(m2

"0
2

! m2

l̃
)(m2

l̃
! m2

"0
1

)

m2
"0

1

m2
"0

2

! m4

l̃

"30fb!1 , (9)

valid in the limit #ml̃/ml̃ $ 1. Fig. 4 displays E for

Flavor and LHC --2 lepton end points and LFV 

• If there is LFV, the mass splitting 
appears in mass eigenvalues as well.  
claimed end point error is O (0.1 
GeV) (for sps1A)  

• The error for mass splitting can be   10-4 
level?  (Allanach arXiv0801.3666) 
Remember that e and μ show different 
response to the detector. 

•  Models: Wide valarety of models  MSSM+ν,  gauge 
meditation + SUGRA (for example Feng et al, 
horizontal symmetry,  arXive0712.0674)．

• Possibility to improve μ→e γ　bounds (PSI, MEG)

arXiv:0801.3666 Allanach　et al 

too small mass spltting 

stau LSP

10-3

10-2

near SPS1a, 30fb-1 

Any discovery of non-universality at LHC would be exciting!



The top-bottom edge

Work on Point SU4: BR(g̃ ! t̃1t)=42%, !(g̃g̃ + g̃q̃) " 165 pb

Study decay chain g̃ ! t̃1t! tb"̃±1

Channel previously studied by Hisano, Kawagoe, Nojiri in fast sim

Reconstruct fully hadronic top, and sub-

tract jjb combinatorial using sidebands
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For this very low mass point, edge in principle visible with very little statistics

In practice need really good understanding of detector to attack this channel

Stop sector (something I really want to see. ）
Polessello in Focus week (07) 

in IPMU 



jet reconstructions in SUSY events
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• In some class of SUSY model, colored particles are heavy, 
therefore W, Z, H, top from their decays is  relativistic. 

•  The decay products go colinear.  typically find in small ΔR

• For example jet paris in a hemisphere-> less combinatrial 
background. 

CMS  Higgs search in SUSY events



jet substructure 

• Trying to improve mass resolutions

• 1)take somewhat large R~1.2 select massive jet    2) 
look for the scale with significant mass drop + 
symmetric jet. (reject QCD). 3) select additional jets 
further to find hard activity but kill underlying events. 

• Revival of “nearly dead”  WH->b bbar?? 

• application in extra dim(High PT top Kaplan et al  
arXiv:09) , 0806.0848 SUSY?

• What is “the algorithm” to sort out jets to parent 
massive particle??

2

b Rbb
Rfilt

Rbbg

b

R

mass drop filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (e!ectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a !Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K!algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet [11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

!R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with !Rj1j2 . The e"ective size of jet j will thus be
just su#cient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

"
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition !S/fb !B/fb S/
!

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K!, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

"
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.18. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT #
200 $ 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (!s) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather e"ective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its e"ectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K!algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K!algorithm
does well on background rejection, but su"ers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both

3

on mass resolution and background rejection.
The above results were obtained with HERWIG [17,

18, 19], which has been used throughout the subse-
quent analysis. The signal reconstruction was also cross-
checked using Pythia [20]. In both cases the under-
lying event model was chosen in line with the tunes
currently used by ATLAS and CMS (see for exam-
ple [21]). The leading-logarithmic parton shower ap-
proximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [22, 23, 24, 25, 26, 27]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ! 30 fb!1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections
were obtained with MCFM [28, 29] and found to be
about 1.5 times the LO values for the two signal and
the Z0bb̄ channels, while the W±bb̄ channel has a K-
factor closer to 2.5 (as observed also at low-pT in [29]).2

The main other background, tt̄ production, has a K-
factor of about 2 (found comparing the HERWIG total
cross section to [30]). This suggests that our final LO-
based signal/

"
background estimates ought not to be too

strongly a!ected by higher order corrections, though fur-
ther detailed NLO studies would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.
Three subselections are used for vector bosons: (a) An

e+e! or µ+µ! pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum
> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

2 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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(c)

Mass (GeV)

0 20 40 60 80 100 120 140 160 180 200

-1
E

v
e

n
ts

 /
 8

G
e

V
 /

 3
0

fb

0

20

40

60

80

100

120

140

160

180

Mass (GeV)

0 20 40 60 80 100 120 140 160 180 200

-1
E

v
e

n
ts

 /
 8

G
e

V
 /

 3
0

fb

0

20

40

60

80

100

120

140

160

180 qq
V+jets

VV

V+Higgs

 = 5.9BS/
in 112-128GeV

(d)

FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb!1. The b tag e!ciency is assumed
to be 70% and a mistag probability of 1% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb!1.

To reject backgrounds we require that there be no lep-
tons with |!| < 5, pT > 30 GeV apart from those used to
reconstruct the leptonic vector boson, and no b-tagged
jets in the range |!| < 2.5, pT > 50 GeV apart from
the Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are no
additional jets with |!| < 3, pT > 30 GeV. The rejection
might be improved if this cut were replaced by a specific
top veto [5]. However, without applying the subjet mass
reconstruction to all jets, the mass resolution for R = 1.2
is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z # l+l!) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance
of 5.9 " (11 " for 100 fb!1). The intrinsic resolution of
the jet mass at the particle level would allow finer bin-
ning and greater significance. However, studies [31, 32]
using parameterised simulations of the ATLAS detector
indicate that detector resolution would prohibit this.

ex:  pp→WH, ZH 

 Butterworth, Ellis,  Raklev hep-ph/0702150.
 Butterworth, Davison, Rubin, Salam, 0802.2470



OK, good luck for all of you

• A Proverb:　　　　　　　　　　　　　      

“There’s no such thing as bad weather, only the 
wrong clothes”　　　　　　　　　　              

→Of course LHC is not perfect place, but you can 
find clear-cuts...think more

• strategy is changing.. we need to work on what the 
nature takes.  

• Hope many experimental plenary talks  next year. 


