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Abstract

  We  consider  a  few selected  topics on  SUSY  phenomeno]ogy at  the LHC.  The  sigriatures

of  mirage  mediation  at  the LHC  is discussed. The  r  polarization effects  on  SUSY  cascade

decay is presented. A  new  conider  observable  
`gluino

 mT2'  is irrtroduced and  its physical
property  is investigated.

1Introduction

The  Large Hadron Collider (LHC) at  CERN  wil!  soon  explore  TbV'energy scale,  where  new

physios beyond the  Standard Model (SM) is likely to reveal  itself [1, 2], Among  various  pro-

posals, weak  scale  supersymmetry  (SUSY) is perhaps the most  promising candidates  of  new

physics beyond the standard  model  (SM) [3]. It provides a  solution  for gauge hierarchy problem
and  complies  with  gauge coupling  unification,  Another nice  feature of  the  SUSY  theory with
Rrparity conserva;tion  is that the lightest supersymmetric  particle (LSP) is a  natural  candidate

for the non-baryonic  dark matter  (DM) in the universe.
   SUSY  phenoinenology crucially  depends on  SUSY  particle masses  and  other  physical prop-
erties, which  might result  from sporrtaneous  SUSY  breaking in a hidden sector.  The  SUSY
breaking is eommunicated  to visible seetor through  some  messenger  interaetions depending

on  models.  Soft SUSY  breaking terms of  visible  matter  fields are  then  determined sueh  that

different SUSY  breaking and  mediating  mechanism  leads to dfferent pattern of masses  and

properties of  SUSY  partieles,
   Once SUSY  signais are discovered through event  excess  beyond the SM  backgrounds in
inclusive search  channels,  the next  step  will  be the measurements  of  SUSY  particle-masses
and  other  physical properties in various  exclusive  decay chains. Then  it might  be possible
to reconstruct  SUSY  theory, in particular SUSY  breaking mechanism  from the experimental

information on  SUSY  particle masses.  In this regard,  determination of  gaugino masses  has a
sigriificant  implication because predictions of  the gaugino masses  are  rather  robust  eompared

to those on  sfermion  masses  [4],
   Here, we  consider  a  few selected  topics on  SUSY  phenomenology  at  the LHC.  In section  2,
we  investigate the LHC  signatures  of  the mirage  mediation  perfbrming a  Monte Carlo study  for

a  benchmark point)･ in the scenario  and  shorv  that SUSY  particle masses  can  be determined in
a  model  independent way,  providing some  valuable  information on  SUSY  breaking sector  [5].
   In section  3, T  polarization effects  in SUSY  cascade' decay is irrvestigated [61. The  T  leptons
emitted  in cascade  deca"rs of  supersymmetric  particles are  polarized. The  polarization may  be
exploited  to determine spin  and  mixing  properties of  the neutralinos  and  stau  particles involved.

   Finally, in section  4, we  introduce a  new  observable,  
`gluine

 mT2'  [7] 
,
 which  is an  applieation

of the Cambridge mT2  variable  to the  process where  gluinos are  pair produced in proton-proton
collision  and  each  gluino subsequerrtly  decays into two  quanrks and  one  LSP, i.e. gg -+ qq29 qgR?.
We  show  that the gluino rnT2  can  be utilized  to measure  the glnino and  the lightest neuCralino

masses  separately,  and  also  the (lst and  2nd generation) squark  masses  if lighter than  the gluino
mass,  thereby providing a  good first look at the  pattern of  sparticle  masses  experimentally.
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2LHC  signatures  of  Mirage  mediation

Kachru  et  al. (KKff) has provided a  concrete  set-up  of  string  compactification,  in which

all moduli  aJre fixed and  Minkcrwski (or de Sitter) vacuum  is achieved  [8]. The  KKIJT-type
moduli  stabilization  scenario  leads to an  irrteresting pattern of  soft  SUSY  breaking terms, to
which  modulus  and  anomaly  coni]ributions  are  comparable  to emh  other  if grarvitino mass

m3/2  nJ  10 [IbV [9]. A noticeable  feature of  the mixed  modulus-anomaly  mediation  (a.k.a
mirage  mediation)  is that soft masses  ave  unified at a  mirage  messenger  seale  [10]

                           M.,.=MauT  (MM3;i)a!2 (1)

with  a  represeTrting  the  ratio  of  the anomaly  to modulus  mediation.  The mirage  messenger

scale  M.i. is hierarchically lower than  MGvT  fbr a  positive a  N  0(1). Such a low (mirage)
unification  scale  for soft  masses  leads to a  SUSY  mass  spectrum  which  is quite distinctive
from those  in other  SUSY  breaking scenarios  such  as  mSUGRA,  gauge mediation  and  anomaly

mediation.  Some  phenornellological aspects  of  the  mirage  mediation  haMe been  investigated by
several  authors  Ill, 12].

   If the weak  scale  SUSY  is realized  in nature,  SUSY  particles would  be produced  copiousiy  a;t

the LHC  [13, 14], which  is seheduled  to start  in 2008. Gluinos and  squarks,  which  are  directly

produced from the proton-proton eollision,  wi11 decay to the LSP  Emd  SM  particles in the end,
with  non-colored  SUSY  particles as  intermediate states in general. The  preeise measurement
of  the masses  of  SUSY  partigles might  be possible with  reconstruction  of the cascade  decay
chains  [15, 16]. Kinematic edges  and  thresho]ds of  various  invariant mass  distributions can

be measured  experimentally  and  then the SUSY  particle rnasses would  be determined in a

model  independent way.  In turn, SUSY  breaking mechanism  might  be reconstructed  from the
measured  SUSY  spectrum  and  signatures.

2.1 MirageMediation

In KKUT-type  moduli  stabilization scenario,  the lighr modulus  T  which  determines the SM
gauge  couplings  is stabilized by non-perturbative  effects and  the SUSY-breaking source  is se-

questered from the visible  sector.  The  non-perturbative  stabilization  of  T  by modulus  super-

potential results  in a  suppression  of  the modulus  F  component:

                             iT '"  i.(MIIISfilk,f,), (2)

which  is comparable  to anomaly  mediated  soft  mass  of  O(7n31214T2) for m312  near  the [[bV
scale,  The  soft  terms of  visible  fields are  then determined by the modulus  mediation  and  the,
anomaly  mediation  if the SUSY  breaking brane is sequestered  from the visible sector.  The soft

terms of  canonieally  normalized  visible fields are  given by

               L,.ft =  -;MhAaAa-;m,2,1ip,l2-gA,,･ky,,･kip,ipjip,+h.c., (3)

where  Aa are  gauginos, ipi are  the scalar  component  of  visible  matter  superfields  i and  yij･k are
the canonicaMy  normalized  Yulcawa couplings.  Fbr FT!T  ev  m3!2!4T2,  the soft  parameters at

energy  scale  just below MGuT  are  determined by the modulus-mediated  and  anomaly-mediated

contributions  which  are  comparable  to each  other.  One  then finds the boundary values  of
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gaugino masses,  trilinear couplings  and  sfermion  masses  at  MGuT  are  given by

            IL4h -  Mb[1+ln(MIP6i./ll3/2)b.ggcu],

           Aitik =  Mb  [ (ai +  aj + aic) -  
ln(MIPgl

 3342) ('k + 'xb  + 7k)a] ,

            m3. =  iLd3[q- 
in(MiPgfl

 !3i2)e,aH(in(MiP6i.17!3i2))
2･}ta2],

 (4)

where  a  represents  the anomaly  to modulus  mediation  ratio:

                                 M3/2

                                          , (5)                         cr=-

                            Mb  ln(vailm312)

with  Mb  the pure modulus  mediated  gaugino mass,  while  ai and  q parameterize the pattern
of  the pure modulus  mediated  soft  masses.  The  oneloop  beta function coeficient  b., the

anomalous  dimension 'rt
 and  its derivative in and  ei are  defined by

                  b. =  -3tr  Il?(Adj) +2tr  73(ipi) ,

                                      i

                                    1

                  th 
=

 
2
 ]II) gZ os (ipi) 

-
 i ?., lgi)k12,

                         , dfk
                  X=  8r
                          dInps'

                  ei =  4£ gZC:l(dii)-Zlyijkl2(a`+a,･+ak), . (6)
                         a  o'h

where  the quadratic Casimir Cl;(ipD =  (N2 -  1)121V for a  fundarnental represeirtation  ipi of  the

gauge group SU(N),  CZI(dii) ==  q,2･ for the U(1) charge  qi of  ipi, and  wij  =  Z)ki yiktz(;lei is assumed
to be diagonal. In this preseTiption, generic mirage mediation  is pa]rameterized by

                          a,  Mb, ai, q, tan6, (7)
where  tahe  is the ratio  of  the vacuum  expectation  values  of  the two  neutral  Higgs fields.

  An  interesting feature called  mirage  mediation  arises from the soft masses  of Eq. (4) at
McvT,  due to the correlatiQn  between the amomaly  mediation  and  the RG  evolution  of soft

paJrameters.' The low energy  gaugino masses  are  given by [101

            Mh(p) ii Mb [1m s;, bagZ(p) !n (MpM'r)] =  g;(at/P.),,) IL4bi (8)

implying that the gaugino masses  are  unified  at  M.i,, while  the gauge  couplings  are  unified  at

MbuT.  If the  yijk is small  or  ai +  aj +  ak  =  q  +  g  +  cic =  1, the low energy  values  of Aijk and
m?-  are  given by [10]

        AiJ'k (ps) =  Mb [ai +  aj +  aL +  s;, ('ri(pa) +  
･)lr

 (pa) +  7le (p)) ln (MpsMir ) ] ,

        M?  (pa) ==  M3  [q - s}, Y; (]i) g}t}) g; (pa) in (MapaUT)
               + 4;2(M(p)-;ddXl:i)  ln(Mpamir)]ln(Mpamir)], (g)
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where  X is the U(1)y charge  of  ipi, Therefbre, the first- and  second-generation  sfermion  masses

are  also unified  at  the M.i. scale  if the  modulus-mediated  squark  and  slepton  masses  harve a
common  value,  i,e. ca =  qg (!! cM)-

   Phenomenolegy of  mirage  mediation  is quite sensitive  to the anomaly  to modulus  fuediation
ratio  a  as well  as  the  parameters ai and  q  [10, 11, 12]. When  a  increases from zero  to a  positive
value  of  order  unity,  the  llature  of  the  neutralino  LSP  is changed  from  bino-Iike to  Higgsino-like

via  a bino-Higgsino mixing  region.  This feature can  be understood  from  the dependence of
the gaugino masses  on  a, The  gluino mass  Mh  decreases as  a  increases, while  the bino mass
Ml  increases. Smaller Mb  then  leads to smaller  Imi.1 and  Higgsino rnass parameter lpl at the

weak  scale through  smaller  stop  mass  square.  While the gaugino  masses  anre not  sensitive  to ai
and  q, the low energy  squark,  slepton  and  Higgs masses  depend on  those parameters through

their boundary values  at  MauT  and  their RG  evolutions  and  the mass  mixing  induced by the

low enei  gy  A  parameters.

   Fbr the original  KKIJIP compa £ tification of  type IIB string  theory [8], one  finds that a  =

1, q  ==  q  =  1 -  ni, where  ni  are  modular  weights  of  the visible  sector  matter  fields depending
on  the origin  of  the matter  fields. The  corresponding  mirage  messenger  scale  fbr a  =::  1 is given
by M.i. e･  3 × 109 GeV. Such an  iiitermediate (mirage) llnification  scale  which  is hierarchi-
cally smaller  than  McvT,  leads to quite a  degenerated sparticle  mass  spectrum  at  EW  scale,

compared  to that for mSUGRA-type  pure  modnlus  mediation  (cr =  O). Here, we  will  consider

the intermediate  scale  mirage  mediation  (a =  1) as  a  benchnark scenario  for a  detailed Monte
CaJJIo study  of  LHC  phenomenology.

2.2 Collidersignatures

2.2.1 Abenchmarkpoint

We  perform  a  Monte Carlo study  for LHC  signatures  of  mirage  mediation  with  the fo11awing
model  paraJneters;

a=  1, Mb  =500  GeV,  aAd  =  cM  =  112, aH  =t  cH  =O,  tanP  =  10, (10)

where  cM  is a  eommon  paraimeter which  pama[rneterize the pattem  of  the pure modulus  mediated

masses  for squarks  and  sleptens  and  cH  for soft  Higgses. This choice  of  model  paraineters is
denoted as a blue dot on  the (cr,Mb) plane of Fig.1, which  was  taken from the figure 12 (e)
in ref.[12].  In the Fig.1, the magenta  stripe  corresponds  to the paraineter region  giving a

thermal relic  density consistent  with  the recerrt  WMAP  observation  [17], i.e. O.085 <  9pMh2  <

O.119, The  benchmark point is also  consistent  with  constraints  on  particle spectra  and  b -  str

branching ratio.

   The  SUSY  particle mass  spectrum  at  the electroweak(EW)  scale  was  computed  by solving

the  RG  equations  with  the  model  parameter set  (10), Fbr the  gluino and  the  first two  generation
squamk  masses,  we  find

     mg  
=

 884,4 GeV, md+.(,.)  
=

 776.0 (771.9) GeV, md".(,.)  
=

 733.5 (741,8) GeV,

while  the masses  of the third generation squarks  are

              Ms,c,)  
=

 703-9 (734･6) GeV, mi,(,)  
=
 545.3 (782.0) GeV

On  the  other  hand, the slepton  and  sneutrino  masses  are

me.c.)  ==  382,O (431.5) GeV, mf,{,)  :=  378,9 (435.4) GeV, mp.  =  424.1 GeV.

(11)

(12)

(13)
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Figure 1: Pararr}eter space (a,Mb) with  aH  =  cH  =  O, aM  =  cM  =  1!2 and  tanP  ==  10.
7-he btue point corresponds  to our  benchmark  peint, which  satiwht  relic  density bound of WMAP
obse7wation  and  is conststent  with  other  emperimental  constraints  on  particle masses  and  b -+ sor
bra,nching ratio.

For the neutralino  and  chargino masses,  we  have

      M2g,,,,,, 
=

 {355･1, 416･1, 478･7, 535,6} GeV, rng,,  
=
 {408.2, 533.5} GeV, (14)

which  correspond  to the foIlowing bino,wino and  Higgsino masses  at  electroweak  scale,

          Mi  
=367

 GeV, M>=461  GeV, pa=475  GeV  (for tan6=10).  (15)
Finally, Higgs masses  are  given by

       rnh  
==

 115 GeV, rnH  
==

 528,6 GeV, rnA  =  528,3 GeV, mH ± =  534,4 GeV, (16)
   Fig. 2(a) shows  the mass  spectrum  for the benchmark point. R)r comparison,  we  also
show  the spectrum  of  a  mSUGRA  poirrt, which  gives the  sarne  mass  of  neutralino  LSP  as  the
benchmark point, iu Fig.2(b), One  can  notice  that the spectrum  of the benchmark point is
quite degenerated, compared  to the  mSUGRA  point,
   With  these mass  parameters  fbrithe benchmark poirrt, the neutralino  LSP  turns out  to be
bino-like, bttt with non-negligible  wino  and  Higgstno components,  Neutralino pair annihilation
into a gauge boson pair (ZZ or  W+VV-)  is then eficient  so  that thermal relic density of the
neutralino  LSP  satisfies WMAP  bound theugh the LSP  is rather  heavy (ml? rw  355 GeV).

   R)r the benchmark point, the ratio  of  gaugino masses  at EW  seale is given by Mi  : va :

IL4h =  367 : 461  : 850 cr 1 : 1.26 : 2.32, which  is quite degenerated comparing  to the typical ratio
Mi:va:Mb  t1:2:6for  mSUGRA-like  scenarios  in which  gaugino masses  are  unified  at  the
GUT  scale. R)r the benchmark poirit, the mass  ratio  of the gluino to the lighrest neutralino  is
given by mglm2?  [! 2.5, which  is different from the typical mSUGRA  predictiens mglm2g  2  6
and  therefbre implies that the gaugino masses  are  NOT  unified  at  the GUT  scale.  In the next

subsection,  we  will  see  the mass  ratio  Tnglm2?  can  be measured  experimentally  so  that we  can

get some  information on  SUSY  breaking sector.

NII-Electronic  Mbrary  
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Figure 2: The mass  spectrum for @  the benchmark point in rrzirage  mediation  and  (b) a

mSUaRA  point. Both cases  give the same  7nass  for the lightest neutraiino.

2.2.2 MonteCarloEvents

A  Monte  Carlo eveTrt  sample  of  the SUSY  signals  for proton-proton collision  at  an  energy  of

14 TbV has been generated by PYTHIA  6.4 [18], The event  sample  corresponds  to 30 fb-i of
integrated luminosity, whieh  is expected  with the  3 year running  of  the  LHC  at low 1uminosity.

We  haMe also generated SM  background events  i.e,, tt- events  equivalent  to 30 fb-i of  integrated
luminosity and  also  WIZ+j'et, VVVVIWZIZZ  and  QCD  eveirts,  with  less equivalerrt 1uminosity,

in five logarithmic pT bins for 50 GeV  <  pT  <  4000 GeV, The  generated events  haye  been

further processed with  a  modified  version  of  the fast detector simulation  program  PGS  (Pretty
Good  Simulation)[191, which  apprcDcima;te  an  ATLAS-  or CMS-like deteetor with  reasonable

eMcieneies  and  fake rates,
   The total production cross  section  for SUSY  events  at  the LHC  is N6.1  pb  for the benchmark

point, corresponding  to N  1.8 × 105 events  with 30 fb'i luminosity. Squarks and  gluinos are

expected  to be copiously  produced at the LHC,  if mij,  mg  <  1 TbV, With  the masses  of  gluino
and  squarks  in the Eq. (11), the production cross  sectiens  for the gg, gq-, and  q"'q" pairs are  about

O.3 pb, 2.7 pb  and  2.0 pb, respectively,  such  that the gluino-squark pair produetion  and  the
squark  pair production deminate.

   The produced  squarks  and  gluinos decay generally in multistep.  In the recent  past, the

fo11owing cascade  decabT chain  of  squamk  has been exploited  in detai1 [15, 16];

                         g-L-Igq-i;l  ITq-ft?t'l-q,  (17)

especially  in mSUGRA  framework. It has been shown  that it would  be possible to reconstruct
both upper  edgos  for the l+l', l+l-q, and  l± q rnass  distribution and  a  1ffwer edge  for the l+l-q
mass  coming  from badkwards decacys of  the I: in the gNL rest  frame, Those edge  vaLues  of  the

mass  distributions are  given by the fo11owing analytie  formulae, in terms of the particle masses
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involved in the decabr chain;

Ml7Lax =  [(mi-; 
-

       L

m?.)(m7-.  
-

m2
 tR

Mk.g)] 
i/2,

(18)

MIT,ax =  [("ZZ'.- mk-:)(m:-s  
-

 mk-?)

m2-o
 X2 ]

ii2,

(19)

Att}vax(high) =  [(MZ'L
            L

-
 m:-:)(mZ-;  

-

m2L,
 X2

mt2.R)] 
1!2,

(20)

(MIT,t")2 
=

 4.z.i.?..[-rnZ-ym`x-s+3m:-gmk-sm7'.-rnk-em?-.-mk-;mf.

   
-
 mZ-2mZ-sm:-,  

-
 mk-Rm?'.mZ-.  +  3mft-gm?.7nZ-. 

-
 m2'.m:-, (21)

         +  (Ml': 
-
 M3.  )  ]･

                                                             '

We  can  also  measure  the upper  edge  of the distribution of  the smaller  of  the two  possible tq
masses  formed by comhining  two  leptons with  a  qpark jet I20];

      ndl7"=(iow) ==  [(M:'L 
-

21111.;')EM:'i/,-,i 
MZ'g)]

ii2

 for 2mz-. - (mz.e+mk.:) <  o

                 =  [(m:L 
-mZ';,;i)

i
'

l
n

; x2'o, 
-MZ'R)

]
ii2

 f,, 2,nz.."(mz.?+mi-:)>o  (22)

Erom the kinematic edge  measurements,  the SUSY  particle masses  might  be  then  determined
without

 relying  on  a  model.  Fbr the  benchmark  point, we  ean  notice  that mN:  >  mE..  There-
fbre, the cascade  decay chain  (17) is indeed open  so that the well-established  method  of  the'
kinematic edge  measurements  can  be applied  to our  case,

   Tb reduce  the SM  backgrotind to a  negligible  level, we  apply  the fo11owing eveni  selection

cuts;

   (1) At least three jets with  1 lri >  200  GeV  and  Rp2,3 >  50 GeV.

   (2) Missing traxisverse energy,  EFiSS >  200  GeV,

   (3) EIM-`SSIMUff >  O.2, where  Mleff i  Rri +  Rv2 +  Rr3 +  Rr4 +  E?{SS +  Z)iepterts Rri
   (4) At least two  isolated Ieptons of opposite  charge,  with  ]llr  >  10 GeV and  1"I <  2.5.
   (5) Thransverse sphericity  ST >  O.1.

   (6) No  b-jets.

   Follawing the  analysis  in Ref. [15] 
,
 we  have then calculated  various  invamiant mass  distribu-

tions fbr the benchmark point. The dilepton invariant mass  distribution is shown  in the Fig,
3. Here, the e+e-  +  pa+"m -  e

±
pT  combination  was  used  in erder  to cancel  contributions  fbr

twe  independent decays and  reduce  combinatorial  background. The SM  backgrounds which

denoted  as  blue histogra'rn on  the plot, are  negligible  with  the above  event  selection  cuts,  as

expected  frorn previous studies  [13, 15], We  find a  clear  end  point in the dilepton mass  dis-
tribution. A  Gaussian-smeared triamgular fit to the distributien gives MiTaX =  60.61 ± O,13
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Figure 3: Dilepton fo+e-+p+p- -e ±

pT) invariant mass  distributions for the benchmark point,
Blue histogram comesponds  to SM  backgTvund.

GeV,  which  is eJ  O.3%  lower than  the calculated  value  of MITa= =  60,8 GeV  for the decays

5Z: --+ IRI' -  5e21'lnt,
   The  dilepton plus jet invariant] mass  Mli4 has been also  calculated  by combining  the dilepton

with  one  of the two  hardest Rr jets, The two  hardest jets are  expected  to come  from squark

decays gN -  itq as  dominant production processes result  in a  pair of  squark  . The distribution'

fbr the smarler  of the two possible llq masses  is shown  in Fig. 4(a). The  upper  edge  value

of  the l+l-q masses  is given by Mi7Xg:X =:  341.5 ± 3.6 GeV, which  is obtained  from a  Gaussian

smeatred  fit plus a linear background. The  fitted value  is consistent  with  the ca[Lculated value

of  Mi7,aX =  341,4 GeV for the decays q"'L -  R8q -  iill"q -  R?l'l-q (with mij.  
=

 776 GeV).

   Now, we  further require  that one  Mliq should  be less than 350 GeV  and  the other  greater.
Two  l± q masses  are  then  calculated  using  the combination  of  l+l-g with  the  smaller  Mltg (<
350 GeV). Fig. 4(b) shows  the mass  distribution of  the larger of the two l± q system.  A  fit

to the mass  distribution near  the end  poini is also  shown,  which  yield an  upper  edge  value

Mige=(high) =  258.6± 4.8 GeV, which  is eonsistent  with  the eaiculated  value  of MITa=(high) =

259.7 GeV.

   The mass  distribution of  the smaller  of  the two Ml,'is shown  in Fig, 4(c), The upper  edge

value  of  the distribution frorn a  Iinear fit is given by MiTa=(low) :
 227.6 ± 3,3 GeV, which  is -

consistent  with  the calculated  vaJue  of  A41geX(low) 
=

 226.5 GeV.

   [[The !ower edge  for l+l'q mass  can  be reeonstrueted  from the lamger of  the two  possible l+l-q

masses,  with additional  requirement  M17a=1te <  Mli <  M17vaX, The  resulting  distribution is

shown  in Fig. 4(d). A  fit to the distribution gives MiT,in =  145,3± 2,8 GeV, which  is consisterrt

with  the generated value  MITqM =  145.4 GeV.

   Flrrom the above  five edge  measuremeiits  for the q-L cascade  decabrs (17), we  ean  determine

the masses  of  q-L, l"'R, 5t: and  Ig using  the eqs. (18-22).
   With  given masses  of  r? and  itg, we  can  get information for gluino and  squark  masses  from
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uinodecay  into right-h

maximal  wiue of the two  jet

MbTax

anded  squark  plus quark;

-･ - -o
g 
--+

 qRq -  xlqq･

irrvariant

-[

mass  for the gluino decays (23) is given.by

(m;- 
-
 mZ-.)(rnZ-.MZLR

-

 
M2,.g)] 

i/2

(23)

(24)

At the LHC,  gluino would  be produced mainly,  from gg- or  gg pair production. !n order  
･to

obtain  event  sarnple  for the gluino decay (23), the fo11owing everrt  selection  euts  are  imposed;

   (1) At least 3 jets with  Rri >  200 GeV, Fh･2 >  150 GeV  and  RT3 >  100 GeV.

   (2) ew`SS >  350 GeV  and  nytSSIMkff >  O.25.

   (3) Transverse sphericity  Elj >  O.15,

   (4) No  b-jets and  No  leptons,

   In the selection  cuts,  we  required  rather  hard RT3 >  100 GeV  in order  to reduce  q"'q- pro-
duction events,  After the selection  cuts,  we  calculate  dijet invamiant mass  M4q using  the  three

hardest jets. The srnallest  Mbq among  the three possible combinations  is then shown  in Fig. 5

(a), The Mbq distribution is fitted near  end  point  by a  Gaussian smeared  linear function with
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Figure 5: Dijet invan'ant mass  distribution (of without  dilqpton and  (b? with  dilepton.

a  linear background. The  resulting  edge value  is given by  Mb  
aX

 =  431.1 ± 32.1 GeV, which  is
consistent  with the calculated  one  M6℃

aX
 =  432.4 GeV  (with rn4.  =  733.5 GeV).

  Additional information on  7ng  and  7na.  might  be provided by the  follcvwing cascade  decay
of  gluino,

g -  qHRq -  fi:qq (--+ R9itqq),

fbr which  the upper  edge  value  of  the two  jet invariarrt mass  distribution is given by

M4TaX(ll) ..  [(MZ' 
-m:-.

 ) (m3.m2
 gR

"

 
ml.:)] 

i12

(25)

(26)

:.2,,`h.e,Ei,2'2:,ct.:ca}d::;,le,gayd,l,2g,)k.w.e,zo,2sZd,yg",h.e.:.2gllY,lh,a,".Ie.d,ss,u{lS.gfi/gl,'k"to.I.,,fa,`P,e.r,Xh,:,}
          -  rsq) =  11%  is comparable  to BR(q-L -+ 28q) =  18.5%. This is because theratio  BR(q-R

gaugrno masses  are quite degenerated (i.e. Adl21Ml ev  1.26) at  EW  scale so that I: has sizable
bino-component  in the  benchmark  point, which  is in contrast  to the typical mSUGRA  case

where  I: is almost  wino-like  and  therefbre BR(q-R -  I:q) is negligible.  Furtherrnore, the
gluino branching ratio of  BR(g  -  q-Rq) t 19%  is 1arger than BR(g  -  qMLq) tt 11.296 fbr
q==u,d so  that the decay chain  of  g -  g-Rq -  Rgqq is comparable  to that of g -  q-Lq -  Iggq.
Censidering the squark  masses  that m4.  <  7na.  , the upper  edge  value  of  two  jet invariant mass
for itSgq events  is esseritially  determined by the Eq. (26), which  involves 7nij. rather  than m,-.  ,

  In order  to select  events  which  include decay chain (25), we  require

  (1) At least 3 jets with Rri >  200 GeV  and  Rv2,3 >  50 GeV

  (2) EIPiSS >  200 GeV  and  IL4}ff!Episs >  o.2

  (3) At least two' isolated leptons with  opposite  charge

  (4) Mlt <  61 GeV  and  the smallest  Mli, <  350  GeV
  (5) Tbansverse sphericity  ST >  O,1

  (6) No  b-jets
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   After the selection  cut,  dijet invariant mass  was  calculated  using  the jet, which  gives the
smallest  Mii,, with  third and  fourth (if any) energetic  jets, The smaller  of  the two  possible
dijet mass  is then shcrwn  in Fig, 5 (b). A  fit to the distribution gives MbTes(ll) =  405.7± 8.6
GeV, which  is consistent  with  the calculated  value  of  IL41:1 

a=(ll)
 =  406.9 aeV  (with mij.  =:  733.5

GeV).
   The  upper  edge  measurements  of  two  dijet invariant masses  provide lower limits on  the

gluillo and  squark  masses  and  a strong  correlation  between mg  and  mijR,  but without constraint
on  the upper  Iimit on  the masses.  In order  to'further constrain  the  riglrt-handed  squark  mass,
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et S-ee8)-&2m)s&

 mo

 mo

  -

Nin  [Gevr

  am

  eco

samcSj
 Tse7,:

 
Too

  6se

  am

  ssc200
 2oo 3op 35e 4co 4SO ooO

       Mif: [GeV]

Figure 6: (a? 7he MT2 ddstribution with  the imput value  oj'mx =  350 GeVas  an  example,  (b)
A  relation between 7ni.  and  Tn2?  frz)7n the MT2  analysis.

we  consider  squark  pair production and  their subsequent  decay into two quarks plus two  LSPs;

                            q-iRqN2R-qi N?q2 ?9, 
'
 (27)

and  construct  another  variable  MT2  [21], which  is defined by

             
M  2!  

.},.,M.xln--,..,,.
 [Max{m3(pSi,p5i), m;(pS',p52)}],  (2s)

where

                  mg(ps,ki)=m:+mk+2(Eger-pg-ks),  (2g)

                   Elil- lp812+nz:, Eil= lkil2+rnk. (30)

Here, p8' and  pge denote the transvemse momeritum  of  quarkjets from the squark  decays and

pFtSS is the observed  missing  transverse momentum  and  mx  is an  estimate  of  the lightest
neutralino  mass.  The  MT2  distribution has an  endpoint  at the squa[vk  mass  mq-. when  the
input Tnx is equal  to the correct  ml?  value.  In general we  obtain  a  relation  between m4.  and

mfig.
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   In order  to harve event  sample  for the  squark  pair produetion and  their subsequent  decaiy

(27), the fo11owing event  selection cuts  are  required;

   (1) At least two  jets with  Rri >  300 GeV, Fh-2 >  50 GeV

   (2) ,eim;  
iss

 >  2oo Gev, Mbff!Ielm4iss >  o.3

   (3) T\ansverse sphericity  Shi >  O.15

  .(4) No  leptons, no  b-jets,

   Fig. 6(a) sh{)ws  an  example  of MT2  distribution with  an  input value  of mx  ==  350 GeV.
Flrom a  fit to the distTibution, we  obtain  7n4.  =  749 ±  12 GeV  for the example.  A  general
relation  between  ma.  and  m2e  from the MT2  analysis is shown  in Fig. 6(b),
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   Now  we  can  determine six  SUSY particle masses,  mitg  
',
 7nitg, mr.,  ma.,  mb  and  mg'., from the

various  kinematic distributions we  considered  so･ fatr. In order  to scan  possible values  of  SUSY
particle masses,  random  numbers  for rn2:,  mi.,  7n4.,  ma.,  and  mg  were  generated within  some

ranges  around  their nominal  values,  while  mit?  values  were  caleulated  with  the measured  Mi?aX
value.  The chi-square  from the  various  kinemati¢  observab!es  with  their errors  was  calculated
to  determine the probal)ility for each  set  of  masses.  Fig. 7 shows  the probability distribution
of  (a) m2?,  (b) ml:  

-
 mRg,  (c) mi.  

-
 rnRg  (d) mij.  

-
 m2g,  (e) m,-.  

-
 mN?  and  (f) rng  

-
 mits,

          While the I? mass  is determined asrespectively.

M2g  =  356±8ZO GeV, (31)
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the differences between sparticle  masses  are  rather  well  constrained,

 mi:-M2?  
:=

 60-8± O.1 GeV,(mg.-mR? ± 27.0± O.6GeV, m4.  -mit?  ==  436± 22 GeV,
 M4.-mfig  

=

 393± 16 GeV, mg-m2?  =536 ± 15 GeV, (32)
respectively.  The  central  values  for the estimated  masses  are  consisterrt  with the genetated
ones.  And  the range  for the mass  ratio  between gluino and  the lightest neutralino  is given by

                      1･9<.M,i-e<3･1 (reducedx2<i), (33)

which.is
 quite distinctive from the typical predictions i.e., rnglmity  2 6 of  the other  SUSY

scenanrios  in which  gaugino masses  are unified at GUT  scai[e.
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Figure 8: Probability distribution of (of a,  (bj A4b, rc? cM,  and  ([V cH･

   So far we  ha;ve considered  
Cmodel-independent'

 measuremerrts  of  SUSY  particle masses.
We  can  also  determine the model  parameters of  mirage  mediation  scenario  from the kinematic
endpoint  mgasurements,  As mentioned  in section  2,1, generic mirage  mediation  is pamameterized
by Mb,  a,  ai , q  and  tan6. Here, we  assume  that visible  sfermion  fields have a  universal  parameter
cM(=  aM)  while  the corresponding  parameter  fbr Higgs fields is given by cH(=  aH).  The model

is then described by five parameters M6, a,  cM,  cH  and  tanfi. Flirom the Eq, (8) and  (9) we  can

see  that  the gaugino and  the first generation sfermion  masses  at  low energy  scale  are  essentialIy
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determined by Adb,a and  cM.  Therefore, we  can  determine the model  parameters  Mb,a  and

cM  from the  measured  rng,mq-  and  mi..  With given values  of  Mb,a  and  cM,  the parameters
cH  and  tan6 might  be obtained  from the measured  mg  and  nzfis. We  have scanned  five model

pararneters in certain  ranges  and  calculated  the x2 from the calculated  and  measured  kinematic
edge  values,  in order  to constraint  the model  parameters. Fig. 8 shows  probability distributions
for alMb,cM  and  cH,  resnlting  in the fdllcrwing values  of  the pararneters:

      a=O.98 ± O.03, Mb  =:492 ± 22 GeV, cM  =O,48 ± O.Ol, cH  ==  O,02± O.05, (34)
The  model  parameters  are  deterinined quite aceurately,  except  tane  whose  vaJue  is not  so  well

constrained  because neutralino  masses  depend on  it rather  mild}y.  The  resulting  central values

of  the parameters well  agree  with  the input values  of  Eq  (10).

3 Tau  polarization  in SUSY  cascade  decay

Much  attention has been paid in the receTrt  past to the SPSIa cascade  [221
                        q- -  q2: -  qee -

÷ qeek? (3s)
which  gives rise  to a  well-populated  ensernble  of  neutralinos  and  R-type sleptons  with ratios
of  30%,  10%  and  10096 in the  first, second  and  third  branching, respectively.  Analyzing the
visible  qee final state  in various  combinations  of  leptons and  quark  jet, the cascade  has served
to study  the precision with  which  the masses  of  supersymmetric  particles can  be measured  at
LHC,  for a  summary  see  Ref. [16], In addition,  invanriant mass  distributions have been shown
sensitive  to the spin  of  the partieles involved [23, 24, 25, 26], shedding  light on  the very  nature

of  the new  pamticles observed  in the cascade  and  on  the underlying  physics scenario.

  
'So

 far, cascades  haye primarily been studied  involving first and  second  generation lep-
tonslsleptons. Here, we  explore  how  the polarization of  7  leptons can  be exploited  to study
RIL  ehirality and  mixing  effects in both the f and  the neutralino  sectors.2  As expected,  it
turns out  that measuring  the correlation  of  the T  polarizations provides an  excellent  instrument

to analyze  these effeets.

   As polarization analyzer  we  will  use  single pion decays of  the T's. At  high energies  the mass

of  the T  leptons can  be negleeted  and  the fragmentation functions are  linear in the fraction z

of  the energy  transferred from the polarized r's  to the T's  [28]:

                       (7zR)'- 
(v'r)

 T
±

: FIR =  2z (36)
                       (71L)±

-  
(vM.)

 T
± : FL =  2(1-x)  (37)

In the relativistic  limit, helicity and  chirality  ame  of  equal  and  opposite  sign  for T-  leptons
and  T+  anti-leptons,  respectively,  Fbr notational  convenience  we  chanracterize  the T  states  by
chirality.

   Pion distributions, summed  over  near  and  far particles, are  predicted by folding the original

single  T  and  double rT  distributions, dl"p!dtn:. and  dre71dTn2., with  the single  and  double
fragmentation functions F2i amd  Fbrr, where  the indices fi, ry denote the chirality  indices R!L  of

the  T  Ieptons. Based on  standamd  techniques,  the  fo11owing relations  can  easily  be derived for

[qT] and  [Tr] distributions:

                       dllle =. £,. 
d.M8

 dd.rg. 
F}3 (:il) (3s)

  
2Fbr

 a'discussion  of polarization effecbs in single  r  decays see Ref.[27].
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                     d,`.II",.. =  J:l4. 
d,'."ir.'

 d`l,I.

"fi2.cr.

 F)3T (M,.2;f) (39)

The single  7ts -  T  fragrnentation function, of Eqs. (36) and  (37) with  z  ==  7ng./m:,  can  be

summarized  as, with fi =  ±  for R!L chirality,

                       F)3(z) =1+  fi (2z-1) (40)

while  the double 7)3TT -  TT  fragmentation functions, with  z  =  m?.fm3.,  are  given by

                                     1
                       FRR(z)=4z  log- (41)
                                     z

                       FRL(z) =  FLR(z) =4[1  -z-zlog  ;] (42)

                       FLL(z) =4[(1+z)  log}+2z-2]  (43)

All distributions, normalized  to unity,  are  finite except  Fl;L which  is logarithmically divergent
for z  -  O.

4
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Figure 9: 7'he "Cnormalized"

Ig decays of the cascade  (19bj.invariGnt
 mass  distributions of (a) TT  and  (b? rT  pairings in the

 T7ze indices denote the chiralities of the near  and  for tau leptons.

  The  grea;t potential of  polancization measurements  fbr determining spin  and  mixing  phenom-
ena  is demonstrated in Figs.9(alb), displaoTing the invariant mass  distribution of  (a) TT  and

(b) rT  pairings in the I8- decays of  the cascade  (35). While the lepton-lepton invariarrt mass

does not  depend on  the chirality indices of  the near  and  far tau leptons 7h  and  Tlf, the shape  of

the pion distribution depends  strongly  en  the indices, as  expected.  This is also  refiected  in the

expectation  valnes  of  the invariant masses:

<M;T> ==411821181!18 and<MTT>  ==2881675 1921675

1281675

for RRfor

 RLILR

for LL
(44)
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which  are  distinctly dfferent for the pion final states,  Due  to the scalar  stau  intermediate state,
the 7T  and  TT  distributions do not  depend on  the polarization state  df the parent N: state,
contrary  te the qT and  qT  distributions in the chain.

   Cutting out  smal1  transverse pion momenta  in actual  experimeirts  will  modify  the distribu-
tions of the TT  invariant mass,  and  the distributions are  shifted to larger mna  values.  R)r R

chiralities of the T's,  with  hard r  -  r  fragmentation, the shift  is smaller  than  fbr L  chiralities

with  soft  fragrneiitation.
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Figure 10: T7Le "normalized"
 distributions in smpersym7netry  and  [[E]D' for the particle speetrunz

corresponding  to the SUIYYscenario SPSIa; the distributions [T7], [qT+] and  [qT-] in the upper

faxzmes and  the distributions [rT], [qT+] and  [gT-] in the IQwer Jinmes.

   The sensitivity  of  vamious  distributions [TT], [qT+], [qT-] and  [TT], [qT+], [gT-] in the cascade

(35) starting  with  a  left-handed squark  qNL is $tudied  in the tableau of Fig. Ie. The  distributions

are  compared  for the SUSY  chain  in SPSIa, in which  the probability for tR in it is close  to

90%, with  a  spin  chain  (UED') eharacteristic  for universal  extra-dimension  models  [31, 32]:

                      gi -  qZi .  qeei -  qeeori (4s)

[Ib fbcus on  the spin  aspects,3  the same  mass  spectrum  is chosen  in the UED'  as  in the SUSY

chain: m4,  =  nzq, =  570.6 GeV, m2:  ==  mz,  =  176.4 GeV, mi,  
=

 m.  
=

 134.1 GeV  and

mft?  =  mn  ==  98,6 GeV. The  [77] distribution is linear N  m..  in supersymmetry.  It deviates
slightly  from the linear dependence in the rT  invariant mass  in UED'  where  in the limit of

degenerate KK  masses  the distribution reads  N  m..[1  T  gm?.], The kinks in the irrvariailnt
mass  distributions [qr] and  [qT] signal  the transition from near  to far 7's and  r's  as the main

  
3Fbr

 this purpose  we  deliberately igr!ere the naturally  expected  mass  pattern in medels  of  universal  extra

dimensiens.
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componerrts  of  the  events.  Again, the best discriminant is the [Trr] distribution. This  reflects

the R-dominated character  of f as  opposed  to the  L  current  coupled  to  the Kaluza-Klein state

Zi rv  W3  [32].
   Experimeirtal analyses  of  T  particles are  a  diMcult task at  LHC.  Isolation criteria  of  hadron
and  lepton tracks must  be met  which  reduce  the eficiencies  strongly  for small  transverse me
menta.  Stringent transverse momentum  cuts  increase the eMciencies  but reduce  the primary
event  number  and  erase  the difference between R  and  L  distributions. On the other  hand, fairly
smal1  transverse momerrtum  cuts  reduce  the eficiencies  but do not  reduce  the primamy  event

number  arid the RfL  sensitivity  of  the distributions, Optimization procedures in this context
are far beyond the scope  of  this theoretieal note.  Experimental details may  be studied  in the

recent]  reports[33,  2] in which  the analysis  of  di-T final states  is presented fbr supersymmetry
cascades  of  type (1) at LHC.
   In Fig. 11(a) it is shovn  how  a  cut  of 15 GeV  on  the pion transverse momenta  modifies  the
SUSY  and  UED'  distributions of  the rr  invariant mass.  Given the specific  SPSIa  mass  differ-
ences,  the SUSY  LR-dominated distribution is mildly  a[ffected  while  the UED'  LL-dominated
distribution is shifted  more  strongly.  The different size  of  the shifts  can  be traced back to the
differe]rt shapes  ef the R  and  L  fragmentation functions. Since L  fragmentation is soft,  more

events  with  low transverse momentum  are  removed  by the cut  and  the shift  is correspondingly

larger than  for hard R  fragmentation, Apparently, the transverse momentum  cut  does not  erase

the distinctive difference between the LR  and  LL  distributions.

3

2

1

ooO.2O,4mO.6ntt
O.81

O.5

O.4

O.3

O.2

e.i
    .O.4 -O.2  O O.2

entx
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Figure 11: (oj [l-7}e SUSY  and  ULE7D distributions of the rT  invariant ma6s  with  a  cut  of 15
CeV  on  the pion transverse momenta;  and.(b?  the dependence of the ecpectation  value  <m..>
on  the stau  minng  angle  e- fon units  of rl  for the SPSIa  valnes  oftan 6, A4i,2, p  and  the lighter
stau  mass  rnf, Xivithout frecrp and  with (blue? T  transverse momentum  cuij. 71he (Vi3(V dot on

the solid  line denotes the value  of <m..> at the SPSIa point. 71he (recV dotted line represents
the average  values  of <mTrr> ofI?,2 anz  unmixed  pure bino-like and  wino-like  states,  respectively.

Finally we  study  the dependence of  the [zT] distribution on  the stau  mixing  ang!e  ei, setting
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all other  parameters to their SPSIa values:

                              it =
 ces  ef f[)+sine- itl (46)

                              fp =-sin  ef fiL+cos ei iiR (47)
The  predictions fbr the [rT] invariant-mass expectation  value  are  shown  in Fig.11(b). The
effect  of  a  15 GeV cut on  the transverse momenta  of  the pions is included for comparison.  The
stau  mixing angle  of  the SPSIa  poim, ee Rs O.4T, is indicated by the red  dot in the figure,
representing  a  state  fi with  90%  iER and  10%  fiL components.  The  1arge sensitivity of  the [rr]
invariant mass  to the mixing  angle  can  be traced back to the fatt that  the  neutralino  Ig is
nearly  wino-like  (IV>2 =  

-O.94).
 Fbr ef ==  ±r12  the R  state it =  ilR, couples  to NS only

through its small  higgsino and  U(1) gaugino cemponents  (i.e. h.N>3 =  O.04 and  ATbi =::  
-O.11).

Hcrwever, once  the mixing  angle  deviates slightly  from  ± z12  the  
`[neari'

 tau lepton 7h  coupling

quickly becomes L-dominated. The  cut  on  the pion transverse momenta  modifies  the mTT

distribution, moderately  for R  ehirality and  strongly  for L  chirality.  Nevertheless, for each
chirality  comhination  the shift  is predicted completely  in terms of  the squark,  2?,2 and  i
masses,  and  the shapes  of  the RIL  fragmeirtation functions, so  that it is under  proper control.
In particular, the relatively  Iarge increase ofthe  average  <m..) near  ef =  O compared  with  ±T12

fo11ows from the 1arge effect of the transverse momentum  cut  due to the soft  L  fragmentation,

of Fig.11(b).
   The  ana[Lysis of T  polarization in cascade  decays provides valuable  informa;tion on  chirality-

type and  mixing  of  supersymmetric  particles. The  most  exciting  effects  are  predicted for the
inyariancLt mass  distributions in the TT  sector  generated by the two  polarized T  decacys. This is
strikingly different from the lepton-lepton invariant mass  distributions in the first two  gener-
ations which  de not  depend on  the R  and  L couplings.  It is particularly important to notice

that ,these polarization effects  are  independent of  the couplings  in the squarklquark  sector and

also  of  the polarization state of  the parent I: genera:ting the final TTjlig state.

4Gluino  mT2

We  irrtroduce a  new  observable,  
`gluino

 stransverse  mass',  which  is an  application  of  mT2

variable  [21] to the process where  gluinos are  pair produced  in proton-proton collision  and  each

gluino subsequently  decays into two  quarks and  one  LSP,

                            pp-gg-qqRg  qql9･ (48)
We  show  that the gluino stransverse  mass  can  be utilized  to measure  the gluino and  the lightest
neutralino  masses  separately,  and  also the (lst and  2nd generation) squark  masses  if lighter
than  the gluino mass,  thereby providing a  good first look at the  pattern of  sparticle  masses

experimentally.

   If light enough,  gluinos would  be pajr produced  copiously  in proton-proton collision  (mp -
gg), amd  each  gluino decays into two  quarks and  one  LSP  (g -  gqRg) through  three-body decay
induced by an  exchange  of  off-shell  squark  or  two  body easeade  decay with  intermedate on-shell
squark.  Fbr each  gluino decay g -  aqlg, a  transverse mass  is constructed,  which  is defined as

                       rn;(m?gTi  mxi  pge] P5)  =  MZgT  +  M<

                                  +2(EIIqEII{-p8q-pi),  (49)
where  mggT  and  pgq are  the transverse invariant mass  and  transverse momentum  of the qg
system  respectively,  while  rnx  and  p5 are  the assumed  mass  amd  transverse momentum  of  the
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LSP, respectively  The transverse energies  of the gq system  and  ef  the LSP are  defined by

                  Elqi lp3q12+m:,. amd  E!i  lpijI2+mk, (50)
respectively,  With  two  sets  of  such  a  gluino decabr in an  event,  the gluino stransverse  mass

rrzT2(g)  is defined by

                  
m32

 (g) i,\,)..mi(i,n)=...,..  [max{mg(i),m 
(2)
 }], (sl)

where  the minimization  is performed over  al1 possible splittngs  of  the observed  missing  trans-
verse  energy  pFiss into two  assumed  transverse momenta,  pge) and  p5(2).
   By  the definition (51) of the gluino stransverse  mass,  one  obtains  a  relation:

                         7nT2(g)Smg  for m.=m2?,  (52)
i.e., mT2(g)  is less thann or  equal to true gluino mass  mj,  if the trial LSP  mass  mx  is equal  to
the true LSP mass  7nl?, Therefore one  can  determine mg  from the endpoint  measurement  of

mT2(g)  distribution:

                        
MiM'2ax(Mx)Eallrlle,g:.t,[Mtr2(g)]i

 (53)

if we  aheady  know the true LSP  mass.  However mlg  value  might  be unknown  in advance and

     for a  trial mx  value  which  is dfferent from mit?,  m$2"'C(mx)  will  differ from mg  and  bethen,given

 by a  function of  the  mass  mx.

   As we  will  see,  m$2ax(nzx)  has diferent functional form depending upon  whether  the 1st and
2nd  generation squarks  are  heaMier er  lighter tham  the  gluino. Thus, in erder  to  investigate the
mx-dependence  of  rn{Mr2aX, Iet us  consider  two  cases  separately.

   If squark  masses  are  larger than  g!uino mass,  the  gluino wi11 undergo  three body  decay into
two  quarks and'an  invisible LSP  through  the exchange  of  off-shell  squark:

                                  g-  qqit?. (54)
In order  to get an  idea how  m  2a"(mx)  are  determined for a  generic value  of  the trial LSP  mass

fnx,  we  consider  two  extreme  momentum  configurations  and  then construct  the corresponding

gluino stransverse  mass  for each  of  them.

   The  first momentum  configuration  considered  is that two  gluinos are  produced  at  rest  and

then  each  gluino subsequently  decays into twe  quarks which  ge to the same  direetion each

other,  and  one  LSP  whose  direction is opposite  to the two  quark system.  Fhrthermore, two
sets  of  gluino decay products are  parallel to each  other  and  all of  them  are  on  transverse plane
with  respect  to proton  beam･ direction. In the momentum  configuration,  we  have

                               mS}).=m;Z).-O  (ss)
for massless  quarks and  the  transverse  energies  and  transverse momenta  of  the qq systems  are

given by

                     ELg(...) .  Egg(i) ==  El7g(2) (s6)

                               =  lp$q(i)1 =  lpge(2)1 =  
MZ'2 -

.M g
 
l'e,

in terms of  the true gluino mass  7nb  and  the true LSP  mass  m2?.  And  the total observed  missing

transverse momentum  is given by lpTiS"I ==  2EIIg(rnax). The  mT2(g)  can  be obtained  as  the
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minimum  of  mSi)  subject  to two  constraints  mSi)  =  m82)  and  prpis" =  p}{!) +  pi(2) [21]. Rrom
the two constraints,  we  obtain  p4<i) =  pij(2) =  pFiSS!2 for the solution  of  the tnT2  variable.

Therefore the gluino stransverse  mass  is given by

rnT2  (g) ==  Egg (ma t) +  (E Lg (max))2 +  mk, (57)
for a  generic rnx,  One can  show  that  the above  mn(g)  corresponds  to mTM2ax  for rnx  S Tn2g:

                 7nirn,,a)[(m,) =:  
M;'2 -

,.Mg
 
k'g+

 

                             for mx  g mxg･

Note that mTi"2ax(rnx  =  mk?)  =  mg  as anticipated.

   Other extreme  momentum  configur4tion  whic

is that  gluinos are pair prod
each  other  while  LSP  is at rest.  In addition,
case,  one  easily  finds

                    7nqgT(nzax)  E  msuT  =  mE2g)r7 =

and  also Egq(i) =  E 
g(2)

 : mggT(mam)  because pSofi)
m82)  for al1 possible splitting  of  the missing  transverse

The minimum  of  mSi)(==  mS2))  oecurs  when  pi(i) :=: pT
mass  is given by

(58)

                 h would  determine mM2aX(mx)  for mx  2 mRg

uced  at  rest  and  for each  gluino decabr, two  quarks are back  to back

              al1 particles are  on  the'trausverse plane. In this

  mg-mRg,  (59)

=  pSg(2) ==  o. Then  m8i)  is always  equal  to

  momentum;  pFdSs =  o =  p}(i) +  pl(2).

 
X(2)

 ==  o, therefore the gluino stransverse

                         fnT2(g)  ==  mqgT(ma  c) +  mx

for generic value  of  mx.  This in fact corresponds  to m$2a"  for rnx  ) mitg  :

(60)

                mTM2ax(m,)==  mj-mxy  +mx  for m.)mfig,  (61)
which  again  gives m$,ax(m.  : rn")  =  mg.

   By naw,  it should  be elear  that miM,2ax for nzx  <  m2g  has a different form from m$2ax  for
7nx  >  rnRy.  As required,  they  should  cross  at  mx  

!=
 mitg.  Z}bus, of the fanction m?2a)C(mx)  could

be eonstructed  from emperimentol  data, one  would  be able  to determine the true gluino and  LSP
masses  separately,

   In order  to  see  the  experimental  feasibility of  measuring  SUSY  particle masses  through the
gluino stransverse  mass  at  the LHC,  we  consider  as  an  example  a  minimal  anomaly  mediated

SUSYLbreaking (mAMSB) scenario  
'B4]

 with

                      mj  
=:
 780.3 GeV, m2g  

=

 97.9 GeV

and  a  few TleV masses  for sfermions.  We  have generated a Monte Carlo sample  of  SUSY  events

for proton-proton collision  at  14 [[leV by PYTHIA  [18] event  generator. The event  sample

corresponds  to 300 fb"i integrated luminosity. We  have also generated SM  backgrounds such
as  tt, VV7Z+1'et, iJVVV!WZIZZ  and  QCD  events,  with  less equivalent  luminosity. The generated
events  have been further processed with  a  modified  version  of fast detector simulation  program
PGS  [19], which  approximate  an  ATLAS-  or  CMS-like detector with  reasonable  eMciencies  and

fake rates.

  The fol!awing event  selection  euts  are applied  to have a  clean  signal  sample  for gluino
stransverse  mass;

NII-Electronic  Mbrary  
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   1. At least 4 jets with  Rvi;2,3,4 >  200, 150, 100, 50 GeV

  2. Missing transverse energy,  EPiSS >  250 GeV

  3. [fransverse sphericity,  Slr >  O.25

  4. No  b-jets and  no  leptons

   for each  evellt, the four leading jets are used  to ea[tculate  the giuino stransverse  mass.  The
four jets are  divided in two  groups of  dijets as  follows, The highest momentum  jet and  the other
jet which  has the 1argest- lpjet IAR value  with  respect  to the leading jet are  chosen  as  two  

Cseed'

jets for the division. Here, ppt is the jet momerrturn  and  AR  !  t w¢ ny i.e., a  separation

in azimuthal  angle  and  pseudorapidity plane. Each of the remaining  two  jets is associated  to a
seed  jet, which  makes  the  smallest  opening  angle,  Then, each  group of  the dljets is considerd
as  orginated  from the sarne  mother  pamticle (gluino).
   Fig.12 shows  the  resulting  distribution of the gluino'stransverse mass  for the trial LSP  mass

mx  
=
 90 GeV. The blue histogram corresponds  to SM  backgrounds. Fitting with a  linear

function with  a  linear ba(ikground, we  get the endpoirrt  778.0 ± 2,3 GeV. The measured  edge

values  pf mT2(g),  i,e. m-2ax,  as  a  function of  mx  is shown  in Fig.13, Blue and  red  lines denote
the theoretical curves  of  (58) and  (61), respectively,  which  have been obtained  in this paper
from the  consideration  of  extreme  momentum  configurations.  Fitting the data points to the
curves

 (58) and  (61), we  obtain  rng :::
 776.3 ± 1.3 GeV  and  mfig =  97.3 ± 1,7 GeV, which  are

quite close  to the true values,  mg  ==  780,3 GeV  and  mx?  =  97.9 GeV. This dernonstates that
the  gluino stransverse  mass  can  be very  usefu1  for measuring  the gluino and  the LSP  masses

e)cperimentally.

 --

 L---

 dMeg

 
LntsgtM

g-di
 lp"

 -

 m

  e

GLuinostransversemass(Gc"

Figure 12: 711te mT2(g)  distribution with  m,  = 90
Blue histogram ts the SM  background.

CeV  for the benchmark point of mAMSB.

   Let us now  consider  the  case  that squark  mass  rna  is smaller  than gluino mass  mg.  In such
case,  the fp11owing cascade  decay is open;

                               g-  gqN.qgl?-  (62)
In this case  also, we  consider  two  extreme  momentum  configuratiens  which  are  similar  to those
eonsidered  for three body gluino decay, and  construct  the corresponding  gluino stransverse
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Figure 13: m$,a'Cas  a  junctionof theinal  LSP  mass  mx  for the benchmark point of mAMSB,

massos.  Here again,  we  assume  gluinos are  pair produced  at rest and  each  gluino decabrs i[rto a

quark  and  a  squark  on  the transverse plane with  respect  to the proton beam  direction.

   If the quark from squark  decay is produced  in the same  direction to the  first quark from

gluino decay and  the two sets of  gluino decay products are parallel to each  other,  the transverse

energies  and  transverse momenta  of  the qq systems  a[re gtven by

                    Egg(max)  i  qq(i) ==  Ega(2) (63)

                               =  lpge(i)I=lplg(2)l= 
M?'2 -

.M g
 
k'g,

just like Eq.(56) for the case  of  gluino three body decay, and  we  hewe meiq)T =  mg2a)T for the
transverse invariant masses  of the qq systems  and  lpFiSS1 =  2EIg(max) for the total observed

missing  transverse mornentum,  Thell the same  procedure to obtain  the gluino stransverse  mass

for the first momentum  configuration  of the gluino three body  deeay is applied  to the current

case.  It leads to mTM,ax  which  is same  as  Eq.(58):

                  m:2a't(m,)  =  
MZ2 -

.Mg
 
;'g+

 (M;'2
-

.M g
 
:'?)

2+mi

                               for m,Smfig.  (64)

   Now  we  consider  other  extreme  momentum  configuration,  in which  the quarks from squark

decays are  produced  in the opposite  direction to the fiTst quarks from gluino decays. In this

case,  the invariam transverse masses,  transverse energies  and  transverse momenta  of  two  qq

systems  are  given by

                    2{o  2{,) (mZ--mg-)(m:--mZ-g)
                  

MggT
 

=

 
MgqT

 
==

 m2  )

                                             g

                  E::g<i) =:: E:`g(2) -  !Ii,L(i-Iliil)+! L,(i-M.
2/L?),

                  lpgg(i' -  pSg(2'h :=:  1! :'(i- lllii,)-! L'(i- 
M,.

2/Lg)1,
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respectively,  and  the total missing  transverse momentum  by pYiSS =

constraints,  mSi) =  mE2L) and  ppiss =  p}(i) +  pi(2) fbr obtaining  mT2(g),

pgg(2) ==  -pSg(i). Therefore, the gluino stransverse  mass  is expressod  by

                   ml2  (g) =  m::})  +  ,nZ

                           +  2(E;q{i) +lpsg(i):2).

-2  pSg(i). The two

then Iead to pi(i) ==

(65)

Again, one  can  show  that this represents  mMii,2ax fbr mx  2 Tnft?, yielding

rnim;,a'c -  (!IIL' (i - Ili÷i.)+ II:, (i - 
M.

2/Lg

 ))

+(![IiL' (i - lllii. ) - !liL, a - 
M.x'i.g )) 

2.

 .k (66)

Note that the two  imctions (64) and  (66) cross  at  m.  =  rnx2  for which  mEMb2ax =  mg･

   If one  could  construct  (64) and  (66) aeeurately  enough  from data, one  would  be able  to
determine all involved sparticle  masses,  i.e. fng,7nfi?  and  mij. [[b see  how feasible it is, we

consider  a  parameter point; of  mirage  mediation  model  [9, 10], providing the fo11owing sparticle
massesl

?ng  
=!
 821.4 GeV, ma  =  694.0 GeV, nz2g  =  344.2 GeV.

We  haye  generated a  Monte  Carlo sample  for this benchmark poirit of  rnirage mediation,  eor-
responding  to 100fb-i irrtegrated 1uminosity. After event  selection  cuts  similar  to the case  of

three body  gluino deeay, we  obtain  Fig.14 sh(vwing  the distribution ef mT2  (g) fbr the trial LSP
mass  mx  

=:

 350 GeV. The  edge  vaJue  m$,ax  as  a  function of  rn,  is shown  in Fig.15. Fitting the
data points to the curves  (64) and  (66), we  obtain  mg  =  799,5± 11.1 GeV, rna  =  678.2± 7.0 GeV
and  mlg  

=
 316.7±  15.4 GeV. Though the overall  scale of the fitted values  are  well  close  to the

true sparticle  masses,  the central values  are  somewhat  lower than  the true values.  It is mainly
due  to a  mild  crossing  of  two  curves,  so tha;t a  precise determination of  the mT2(g)  endpoint  is
crucial.  The  situation  can  be improved if we  include inforrnation from squark  stransverse  mass

for the process mp -  g-a- -  gitgql?, providing a  relation  between the edge  value  of  the squark
stransverse  mass  and  the trial LSP  mass:

MTrn2ax(squark)  ==m:-

 
-
 mft.g2mq+

lncluding such  information, we  get mg  =  803.4 ± 6.0 GeV  and  mfig  :=  322,4 ± 7.7 GeV for the
benchmark point.                The                    diserepancy between the fitted mass  values  and  the true mass  values

may  still come  from vamious  systematic  uncertainties  such  as the effects  of  eveiit; selection  cuts.

   [Ib conclude,  we  have introduced the gluino stransverse  mass,  and  shown  that it can  be used

to determine the gluino and  the lightest neutralino  masses  separately,  and  also the (lst and

2nd  generation) squark  masses  if lighter thati the  gluino mass.
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