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If supersymmetry exists at the electroweak scale, then it should be discovered at the CERN Large Hadron
Collider (LHC). Determining masses of supersymmetric particles, however, is more difficult. In this paper,
methods are discussed to determine combinations of masses and of branching ratios precisely from experi-
mentally observable distributions. In many cases such measurements alone can greatly constrain the particular
supersymmetric model and determine its parameters with an accuracy of a few percent. Most of the results
shown correspond to one year of running at LHC at “low luminosity,” 3316m 2s 1
[S0556-282197)01409-4

PACS numbeps): 12.60.Jv, 14.80.Ly

I. INTRODUCTION

g +9
! |
If supersymmetrfSUSY) exists at the electroweak scale, G+q et T
then gluinos and squarks will be copiously produced in pairs
at the CERN Large Hadron CollidétHC) and will decay ! !
via cascades involving other SUSY patrticles to the lightest X g+q X 2+q
SUSY particle(LSP), the ¥ 9. In most models thé 9 is |
stable, must be neutral and, therefore, escapes the detector. It —~0
should then be easy to observe deviations from the standard x 1th

model such as an excess of events with multiple jets plus !
missing energyE or with like-sign dileptond “1* plus E b+b.
[1-3]. Determining SUSY masses is more difficult because +b.

each SUSY event contains two LSP’s and there are not

enough kinematic constraints to determine the momenta geUch an event typically contains two hard jets from the
these. g, r decays, twd jets from theh decay, largdtr, and soft

The strategy developed in Ré#] and in this paper in- jets from the gluino decays and from gluon radiation. In this

volves three steps. First, we use a simple inclusive analysis2S€, One can reconstruet-bb as a peak in thé@b mass
to establish a deviation from the standard model. We selediStribution and measure its magS]. Then theh can be

events with at least four jets and large missing energy antomb'?\zd with either OI kt)hel twoﬂr]\ardﬂjlets. Theksmaller 0(;
olot the distribution of ese two masses must be less than the squark mass and so

has a sharp edge that measures a known function of the
Tu. X 5 and ? masses. In many cases several such mea-
surements can be made to determine several combinations of
masses more or less precisely.
Given actual data, the third step would be to make a glo-
. . . bal fit of a SUSY model to all available measurements, in-
Typically, th|§ is dominated by standard model processeéludmg both the precision measurements just described and
at low Mg but is a factor of 5-10 larger than the standardy, e jnciusive ones such as the jet, lepton, hrjet multi-
model prediction for largé/e. The value oMeg at which  pjicities and p; distributions. Such an analysis involves
the signal exceeds that standard model backgrounds prOV|d§§nu|ating large numbers of signal samples and is beyond
a first estimate of the SUSY masses. the scope of this study. Instead, we try to determine the
The second step in the strategy is to identify characteristiSGusy parameters using just the precision measurements of
signatures of particles occurring near the end of the SUS¥ombinations of masses. In some cases this almost com-
decay cascades and to use these as the starting point faketely determines the SUSY model, while in others it sig-
further analysis. This is best explained by an example. Supaificantly constrains it.
pose that gluinos are slightly heavier than squarks and that What precision measurements can be made is very depen-
X g—>} fl’h is kinematically allowed. Then one can have thedent on the SUSY model and so must be studied for specific
following decay chain: SUSY parameters. The ATLAS and CMS Collaborations at

Met= P11t P12t PratPratEr.
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TABLE |. SUGRA parameters for the five LHC points. backgrounds in one channel, can be obscured by production
and decays of other supersymmetric particles. We may not
_ Mo My Ao believe in this model, but the model that nature has chosen
Point (GeV) (Gev) (Gev) tang sgnu will be self-consistent.
1 400 400 0 20 + In the SUGRA model, ify —X gh is kinematically al-
2 400 400 0 10.0 n Iowe_d, it hgs a syb_'stantlal branching ratlo_ and provides one
_ starting point. This is the case for LHC points 1, 2, and 5. If
3 200 100 0 2.0 . . . . . .
4 800 200 0 10.0 4 th|s decay is kinematically forbidden, then in many cases
5 100 300 300 21 N X 2—>X 1| I~ can be observed. This is the case for LHC

points 3 and 4. The endpoint of thé&l~ mass distribution
provides a direct measure oM(¥ H—M(x?), and

the LHC have been considering five points in the minimalOPpPosite-sign, same-flavor dileptons can be used to identify
supergravity (SUGRA model listed in Table I[4]. The events CONa'”'”‘M(Xz) Other modes epr0|ted in this pa-
SUGRA model6,7] has the minimal SUSY particle content; per mclude X —IzIT=X AF1F and ¥ I-¥%iW*T
universal scalar masseg,, gaugino masses,, and trilin-  —’y 1e u .
ear breaking termg\, at the grand unification scale; and  All the analyses presented here are basedsareT 7.22
radiative electroweak symmetry breaking driven by the largg8] and a toy detector simulation. At least 50 k events were
top quark mass. After electroweak breaking, the remainingienerated for each signal point. The standard model back-
parameters are a ratio of vacuum expectation valug8 &n ground samples contained 250 k events for eactt,ofvVZ
the weak scale and a sign ggn=1. We assume a default with W—ev,uv,7v, andZj with Z—vv,77, and 5000 k
value for the top quark mass of 175 GeV and comment orQCD jets(includingg, u, d, s, ¢, andb) divided among five
the sensitivity to it below. The mass spectra for these fivehins covering 56 pr<2400 GeV. Fluctuations and statisti-
points are shown in Table Il. While this model may not becal (where showh reflect the generated statistics. On many
the one that nature has chosen, we would like to emphasizsf the plots that we show, very few of these background
that simulations can only be performed in the context of aevents survive the cuts and the corresponding fluctuations
consistent model. This is because many promising signalgre large, but in all cases we can be confident that the signal
that might be clearly distinguished from standard modelis much larger than the residual background. The calorimeter
energy resolutions are taken to be

TABLE Il. Masses of the superpartners, in GeV, at the five LHC

points. Note that the first and second generation squarks and slep-

tons are degenerate and so are not listed separately. EMCAL, 10%/\/E+ 1%, |77|53,

Point ! 2 3 4 ° HCAL, S50%/\E+3%, |5|<3,

9 1004 1009 298 582 767

X1 325 321 96 147 232

23 ~64 £37 . 315 18 FCAL, 100%AE+7%, |7|>3.

X9 168 168 45 80 122

X5 326 321 97 148 233 A uniform segmentatiorA n=A¢=0.1 is used with no
X3 750 519 257 290 497 transverse shower spreading. This is particularly unrealistic
2 766 538 273 315 521 for the forward calorimeter. Both ATLA$1] and CMS[2]

T, 957 963 317 918 687 have finer segmentation over most of the rapidity range and
Tg 925 933 313 910 664 jets are found usingsETJET [8] with a fixed cone sizeR

q, 959 966 323 921 690 =0.4 or 0.7. Missing transverse energy is calculated by tak-
3 921 930 314 910 662 ing th(=T magmtude of thg vector sum of the_ transverse energy
T 643 210 264 594 489 deposited in Fhe calorimeter cells. The jet muIt|pI.|C|ty in
2 SUSY events is rather large, so we will use a cone size of 0.4
L 924 933 329 805 17 unless otherwise stated. A lepton efficiency of 90% and a
by 854 871 218 74 633 b-tagging efficiency of 60% is assumétl]. The b-tagging

b, 922 930 314 903 663 efficiency is comparable to that currently obtained by the
Ch 490 491 216 814 239 Collider Detector at FermilabCDF) once the geometric ac-
€r 430 431 207 805 157 ceptance of the CDF system is taken into accd@mt Iso-

Ve 486 485 207 810 230 lated leptons are required to satisfy an isolation requirement
e 430 425 206 797 157 that no more than 10 GeV of additiongl be present in a

T 490 491 216 811 239 cone of radiuR=0.2 around the lepton so as to reject lep-
v, 486 483 207 806 230 tons fromb jets andc jets. Results are presented for an
ho 111 125 68 117 104 integrated luminosity of 10 fb!, corresponding to one year
HO 1046 737 379 858 638  of running at 18% cm 2s™! so pileup has not been included.
A0 1044 737 371 859 634 We will occasionally comment on the cases where the full
H* 1046 741 378 862 638  luminosity of the LHC, i.e., 1% cm~2s™%, will be needed to

complete the studies. For many of the histograms shown, a



5522 HINCHLIFFE, PAIGE, SHAPIRO, éOERQVIST, AND YAO 55

single event can give rise to more than one entry due to 7 LHC Point 1
different possible combinations. When this occurs, all com- 10 N AL m s e e e
binations are included. :
In Sec. Il of this paper, we discuss usii; to get a 8
rough estimate of SUSY masses. We then turn to more de- 10
tailed analyses. In these, we shall usually make cuts so that.
the standard model backgrounds are very small. These cut® 9
are not optimal, particularly in the case of the higher massg 10
points where event rates are lower. It may be desirable tog
have more signal events at the cost of more background. Ing ;5 *° 0o
Secs. lll and IV we discuss LHC points 3 and 4, respectively. =
These points have rather light gauginos, %8—Y 9171~
can be used to measuM (¥ 3)—M(X 9). In Sec. V we
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discuss LHC point 5, which has bofh 5—Y% 2h—% fbb F
andy 9—1*17=% U*17. In Sec. VI we briefly discuss 10 L
LHC points 1 and 2. These have gluino and squark masses of £
about 1 TeV, so they really need more than 10%tior de- sk I / P {él//% I
i i i i i Wi VAV AV [ o L |
tguled study. In Sec. V_II we investigate _how well the preci 10 0 1000 5000 3000 4000
sion measurements discussed determine the parameters of M. (GeV)
the SUSY model. Finally, we draw some conclusions. off
Il. EFFECTIVE MASS ANALYSIS FIG. 1. LHC point 1 signal and standard model backgrounds.

The first step in the search for new physics is to discove@pe? C'rCIBS: SUSdYt .S'gTal'z Solid C'rglesn' _T”?:rgl.est:
a deviation from the standard model and to estimate the maﬁgo;’;r’;'_ sSr\:]moV:aarll b;f;g%::n d: vv,7. Squares: QCD jets.
scale associated with it. SUSY production at the LHC is ' '
dominated by gluinos and squarks, which decay into multiple o
jets plus missing energy. A variable which is sensitive toMinimum value ofM¢; near the crossover. A more realistic
inclusive gluino and squark decays is the effective masdreatment of thefr resolution could be important for this
M., defined as the scalar sum of thgs of the four hardest POINt. At this point event rates are so large that this step in

jets and the missing transverse enefy, our procedure is not needed; we will not usein the analy-
ses shown below.
Mei= P11+ ProtPratPpratEr. To see whether the approximate constancy of this ratio

might be an accident, 100 SUGRA models were chosen at
Here the jetpr’s have been ordered such thaf, is the random with 108<my<<500 GeV, 1068<m,,<500 GeV,
transverse momentum of the leading jet. The standard model 500<A,<500 GeV, 1.&tanB3<12, and sgp==*1.
backgrounds tend to have smallgg, fewer jets, and a
lower jet multiplicity. In addition, since a major source of
£+ is weak decays, largé; events in the standard model 7 LHC Point 2

tend to have the missing energy balanced by leptons. To 10 T T L S B B A L
suppress these backgrounds, the following cuts were made: E
Er>100 GeV; =4 jets with pt>50GeV and pr; -8 }
>100 GeV; transverse spherici§>0.2; nou or isolated 10 ?
e with pr>20 GeV and 7| <2.5; E+>0.2M . S 3
With these cuts and the idealized detector assumed here§ 9 Va4 -
the signal for all five LHC points is much larger than the S /‘% 3
standard model backgrounds for lariyes, as is illustrated I ]
in Figs. 1-5. £10 —O- -
The peak of théVl o mass distribution, or alternatively the % 3
point at which the signal¥) begins to exceed the standard 2  .iF . O .
model backgroundE), provides a good first estimate of the E 10 -0
SUSY mass scale, which is defined to be -0 3
-12
MSUSY= mln(Ma,MgR) 10 / / _,T ?
While Mgysy obviously should be set by the gluino and 5 "L, /A4 A4 W/% N

IS
Q
o
o

i i
squark masses, the choiceMf;  as the typical squark mass 0 1000 2000 3000
is somewhat arbitrary. The ratio of the vallvey for which Mgy (GoV)
S=B to Mgygy Was calculated by fitting smooth curves to

the signal and background and is given in Table IIl. It must FIG. 2. SUSY signal and standard model backgrounds for LHC
be noted, however, that for LHC point 3 the cuts produce aoint 2. See Fig. 1 for symbols.



55 PRECISION SUSY MEASUREMENTS AT CERN LHC 5523

7 LHC Point 3 7 LHC Point 5
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FIG. 3. SUSY signal and standard model backgrounds for LHC  F|G. 5. SUSY signal and standard model backgrounds for LHC
point 3. See Fig. 1 for symbols. point 5. See Fig. 1 for symbols.

These models were compared to the assume signal, LHE8een from Fig. 7. The mean value of the ratio is higher here
point 5. The light Higgs boson was assumed to be knownthan in Table Il because this analysis uses the peak of the
and all the comparison models were required to hiee  distribution rather than the point at which it is equal to the

within =3 GeV of its nominal value; the 3 GeV error is background. The error on the ratio is conservative, since
determined not be the experimental measurements but by dhere is considerable contribution to the scatter from the lim-
estimate of the theoretical uncertainties on the prediction ofted statistics and the rather crude manner in which the peak
M, from the parameters of the SUGRA model. A sample ofwas found. WhileM o does not provide a precise measure-

1 K events was generated for each point, and the peak of thment, it has the advantage of being generally applicable to a
Mg distribution was found by fitting a Gaussian near thebroad range of SUSY models.

peak. Figure 6 shows the resulting scatterplotvbf sy vs

Meg. The ratio is constant within about 10%, as can be il LHC POINT 3: my=200 GeV, m;,=100 GeV, tang=2

LHC point 3 has relatively light superpartners and hence a
5 LHC Point 4 very large production rate. At this point 200 000 events were
generated, corresponding to about 1 week of LHC running at
low luminosity; the statistical fluctuations on the plots are
due to this small Monte Carlo sample. All of the squarks of
the first two generations are heavier than the gluino, but one
of the stop and sbottom mass eigenstates is lighter than the
gluino while the other is heavier. The dominant SUSY pro-
duct|o~_p_rocess igg, and the dominant gluino decay mode
is g— bb. The Ilghtesib is mainly b,_ and so decays princi-
pally into by 5 smcex 9 (of mass 97 GeY (x 2, mass 45
GeV) is malnIyW3(B) Theny 2 5> decays via virtual sleptons
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TABLE Ill. The value of M4 for which S=B compared to
Msusy, the lighter of the gluino and squarkig) masses. Note that
point 3 is strongly influenced by th&; and jetp; cuts.
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LHC point M (GeV) Msusy (GeV) Ratio

S
T lIIlIﬂ'l
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o

1360 926 1.47
1420 928 1.53
470 300 1.58
980 586 1.67
FIG. 4. SUSY signal and standard model backgrounds for LHCs 980 663 1.48
point 4. See Fig. 1 for symbols.
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FIG. 6. Scatterplot ofMgysy=min(MyMy) vs My for ran- FIG. 8. The invariant mass distribution efe” and u*u~

domly chosen SUGRA models having the same light Higgs bosomirs arising at point 3. The background, shown as a hatched histo-
mass within=3 GeV as for LHC point 5. gram is mainly due tdt events.

to’y Je*e™ with a 16% branching ratio. SUSY events at this

point are therefore dominated by final states involving8 -_Il:?]z %Ilgergfggnl{]\é?;ﬁc:‘;rzjnﬁz ddells‘ttr)':;z'orgt'lsnj%) vrv(;l d'SC!:'g'
b-jets and pairs of opposite-sign, same-flavor leptons. Miss: Co . : 9 ¥
: . ; : . . tion, which is quite small because it has smaller color factors
ing transverse energy is not used in the analysis at this poin}, ; . .
and requires two leptonic decays. This background, as well

A M t ofMeue M as the combinatorial background from events with tywo

- veasurement otMyz= My decays, can be eliminated by calculating the subtracted dis-
Events are selected by requiring a pair of isolated leptonsibution

of opposite charge and the same flavor with>10 GeV

and|»|<2.5, and at least two jets tagged asjuarks and d_“ :d_‘T +d_‘7 _d_‘T _d_‘f
havingp,>15 GeV and 5| <2; a tagging efficiency of 60% dM|_, dM| . dM e dMm ot - dM ot
is assumed.
This subtracted mass distribution has a sharp edge at
25 M T T M;+I”=M5,—Ms54, enabling this mass difference to be
- L/ ndf 3378 / 8 measured with great precision. In view of the enormous size
- ! Constant 15.76 of the event sample, the uncertainty on this measurement
20 ' Mean 1.926 will be limited by systematic effects. The large sample of
= | Sigma 1945 Z—1"1~ decays will be used for calibration both of the mass
B ] scale and of the relative and n acceptance. The methods
® o - employed will be similar to those used by CDF and DO in
§ 5= i their determinations of th&/ mass[10,11]. An estimate of
b3 C ] 50 MeV for the uncertainty oMs,— Mz, should be conser-
g - i vative.
10 — —
C 7 B. Gluino and sbottom reconstruction
5 _ The next step is a reconstruction of the gluino and sbot-
- . tom masses by combining a dilepton pair near the mass edge
B N with jets. Events are selected that have at least two jets,
o Loy | Ly T tagged as having b quark withp,>15 GeV and |<2; a
0 1 3 4 tagging efficiency of 60% is assumed, and’a@~ pair with

45<M,+,-<55 GeV and no other electrons opd u~ pair

in the same mass range and no other muons in the event.

Since the mass of the lepton pair is near its maximum value,
FIG. 7. RatioM ¢/Msysy from Fig. 6. The distribution of this  in the rest frame of, both’y; and thel "1~ pair are forced

ratio is approximately Gaussian with a width about 10% of itsto be at rest. The momentum g§ in the laboratory frame is

mean. then determined to be
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LHC Point 3 LHC Point 3
100 LT NI N g ] LI | TV ¢ T | T 1T 17 1 l 1 T 1

~ 80 = L |
< N 20000 r L
0] =z -
o 3 -
3 =z L 4L _
260 5
A o | B
2 2 L
40 ’qc: 10000 — ] _[‘j L. ]
= U>J L LLL“ FL { .

20 i i

O i I U " l l’ ‘; L1 } i “j bl H [ T ! P | i 0 1 1 1§ | [ T T | i 4 1 ! [ | S =]
0 100 200 300 400 500 100 200 300 400 500
(My,%) (GeV) M(xzb) (GeV)

FIG. 9. The reconstruction of gluino and sbottom decays from FIG. 10. TheM (E) projection of Fig. 9.

the decay Chai@H‘;z(H}llJrli)E. Events are selected near the

endpoint of thel "I * mass distributionfmass between 45 and 55 _M&(z)b) be within 15 GeV of the value where its distribu-
GeV) and the momentum Gf, reconstructed. Twb jets are then  tjon peaks. This cut removes considerable background as can

required and the mass bf+x, (m=n) and the mass difference pe seen by comparing the peaks in this figure with that in
om= My, — Mgy, is computed. The scatterplot in these two vari- Fig. 10. We estimate

ables is shown. Thd-jet energies have been recalibrated and a

tagging efficiency of 60% peb included. M7 (measurep— Mg (true)

5;2=(1+ M;E/Mmf)f’,ﬂf, =1.9My tl)(assume)j— M tl)(true)]iB GeV

whereM;g must be assumegsee below. This momentum and

can be combined with b jet to determinen; and a second
b jet to determinemg. The b-jet energy and momentum LHC Point 3
must be corrected for the fact that particles are lost outside ot ?'nl S——
the R=0.4 jet cone and for the fact that weak decays pro- ' ! I
duce neutrinos in the jets. In this study, the correction factor
was determined using the data generated for LHC point 5, 20000

where the Higgs peakh(—bb) is observable. In practice, = §
techniques similar to those of Refd2, 13 would be used at £ i
LHC. g 15000 ;

Figure 9 shows a scatterplot of—mjy vs mg. Projec- ">;

tions onto the axes, shown in Figs. 10 and 11, have clea@
peaks. The positions of the peaks determing—mp and I
mp assuming thakl; o is known. Again, statistical errors are ‘g 10000
>
w

small and the dominant errors will be from the determination

of the jet energy scale. A careful jet energy calibration has

not been performed, so the peaks in Figs. 10 and 11 are 5000
displaced slightly from their nominal values of 277.8 and

20.3 GeV. These systematic errors can be estimated from

those currently obtained by CDF and DO in the determination 0 o e by Le o Ly
of the top quark mas$12,13. The mass differenceng 0 20 40 60 80 100
—mj is insensitive to the assumgd? mass while the recon- M(x,bb)-M(x,b) (GeV)

structed shottom peak moves.

The dependence of ttiemass peak on the assumed value ~ I :
of Mz o is shown in Fig. 12, whereM- o is varied by _FIG. 11. TheM (g) M(b). projejction of Fig. 9. The. dashed
X1 X1 histogram shows the projection if a cut is made requiring that the

+20 GeV from its nominal value. In making thiﬁ plot we events lie in a slice of the abscissa of between 230 and 330 GeV of
have required that the mass differenc®(yx gbb) Fig. 9.

)
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LHC Point 3 LHC Point 3
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FIG. 12. The same as Fig. 10 with the addition of two more FIG. 13. Reconstructed, mass as point 3. The combinatorial
histograms(dashed and dott¢dshowing the result if the assumed background estimate is shown as a hatched histogram and the
value oferio is varied by+20 GeV. A cut is imposed on the mass events due to light sql_Jarks as the dashe_d h_istogr_am. '_r_he remaining
difference| g mi— 20| GeV<15 GeV before the projection of the eyents are _due to gluino decays wherb-gt is misidentified as a
scatterplots is made. light quark jet.

shown in Fig. 13. Even with the 90% vetoing efficiency for

b quarks there are a significant numbeibgets remaining in

this plot. The contribution from the light squarks is shown as

the dashed histogram. If the vetoing efficiency were raised to

95% approximately one half of the remainibgets are re-

moved and consequently the peak moves to a larger mass.

The peak shown has contributions frdin of mass 278 GeV

and the light quarks that have mass around 310 GeV. Charge

—% and +  squarks are separated by about 5 GeV in mass;
Light squarks can also be reconstructed at this point usinghis contributes to the broadening of the peak. That the peak

the decay chaif, —y gq, which has a branching ratio of is real can be seen be estimating the combinatorial back-

approximately 10%. There is an enormous background fronground as follows. Events are mixed by taking %é mo-

gluino decays tdb, so events must be rejected if there is amentum from one event and the jet from another; both events

b jet present. We use the ATLAB-tagging study(see Fig. satisfying the same selection criteria. The mass distribution

3.42 of Ref[1]). At low luminosity this study implies that a obtained in this way is shown as the hatched distribution in

tagging efficiency of 90% fob jets can be achieved at the Fig. 13. Conservatively, we estimate an error of 20 GeV on

price of misidentifying 25% of the light quark jets hgets.  the averag&, mass from this method.

While this mistag rate is not adequate in the cases where a

b tag is required, it implies that 90% of thequark jets can D. Branching ratio of x,—x J*I~

be vetoed and 75% of the light quark jets accepted by the

same cut. This veto prescription is used in this subsection.
Events are selected as follows: at least one jet with

>125 GeV and n|<2; nob jets with p,>15 GeV and| 7|

<2; a vetoing efficiency of 90% is assumed and 25% o

Mg(measurep— Mi(measuref= Mg(true) — My (true)
+2 GeV.

They 2 mass will be determined by a global fit of the SUSY
model to all the measurements; see Sec. VII.

C. Light squark reconstruction

By selecting events with four taggddjets and either two

or four isolated leptons, the product of branching ratios

B(x 9—X 9I"17)xXB(b— by 9X) can be determined. There

@re 150 000 events/10 Th with two dilepton pairs and four

nonb-jets are assumed to be rejected also;ede™ pair b jets. Th_(e backgrounds from nonsupersymmetric Sources
are negligible, and again, therefore the dominant uncertain-

with 45<M,+-<55GeV and no other electrons or a ¢ ; tic. Usi | £ 3% for th Laint
uu” pair in the same mass range and no other muons jf{es are systematic. Using a value of 3% for the uncertainty
on the absolute lepton acceptance, we expect that

the event. — — A )
The reconstruction of the momentum £ is performed ~ B(X 2—X 1e7e7)xB(b—b) X) can be determined to be

using the same method as above by selecting events near 0= 0.5)%.

endpoint of the dilepton mass distribution. We assume that

the SUGRA model is used to infer the massxof from the E. Electroweak production of superpartners

X 9—% 2 mass difference. Jets ¢f|<2 andp,>125 GeV At this SUGRA point, sleptons cannot be produced from

are now combined with thg 9 and the mass distribution is the decay of strongly interacting sparticles. The production
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LHC Point 3 tt production, the third lepton being from the decay db a
L (B quark. A stricter jet vetq20 GeV instead of 30 GeVre-
B - duces this background further.
There is an indication of an edge in the mass distribution
150 = 7] corresponding to the decays—x 91 71~. The events in this
P plot are dominated by the production Qfg}f final states
i whose contribution is shown as the dotted histogram. If two
. isolated leptons are required and the same plot made the
— result is that there are more events. There is now a potential
. background from Drell-Yan production of dilepton events
- which must be eliminated by a cut on missiiig or the
angle between the two leptons; the Drell-Yan events are back
to back while in the SUSY events the leptons arise from
5% ZHX 1I *I~ and are, therefore, close in angle. The produc-
tion rates in these two and three lepton final states can be
— compared and used to provide a powerful argument concern-
5 ing the origin of the lepton samples and provide an addi-
tional constraint on the model since, as we will demonstrate
69 80 in Sec. VII, the measurements that have been made using the
M(e"e’) or M(uw)(GeV) strong production of spatrticles fix the model parameters, re-
sulting in apredictionfor the rates shown in Fig. 14.
In principle, the decay, —x Se should be reconstruct-

100 —

Events/5 (GeV)/10(fb™)

o
o
I

0 20

FIG. 14. The invariant mass distribution ef e™ and u*u~

pairs arising at point 3. Events are selected requiring no jets with
p.>30 GeV in|7<3 and at least three isolated leptons, two of ible by selecting with a least 3 isolated leptons, an oppositely

which are of the same flavor and opposite charge. Lepton detecti g‘harged pair of Wh'Ch have mass between 45 and 55 GeV.
efficiency of 90% per lepton is included. The dashed histogram The momentum of~ I » is reconstructed as above and then
shows the contribution arising from the direct production of COmbined with a third lepton to search for a reconstructed
Y% O final states. The background is shown as the hatched histofL - The extraction of this signal is very difficult. The pro-
gram. Only three generated events passed the cuts. duction rate for gauginos provides a serious background that
can only be controlled by increasing the number of isolated

, : leptons required. The dominant slepton production process is
rates are therefore quite small despite the low maersgf, 3.+7.. This can be extracted only by requiring at lefastr

=215 GeV, mg_ =206 GeV as they must be pair produced igq|ateqd leptons from the decay chain
in Drell-Yan-like processes. The heavier charginos and neu-

tralinos are only rarely produced in the decays of gluinos, so N +7

again their dominant production mechanism is electroweak. ! !

Unlike the case of sleptons, the direct production rate of the ~0_ |+ SV b

; . . . - X 2t X1

lighter charginos and neutralinos is quite large. An attempt | |

has been made to isolate these processes. This is an example S0 L. =L+

of a case where the analysis of a complete SUSY signal is X1t +l X1t +w

needed. The signals that we are attempting to extract stand it tively f
clearly above standard model backgrounds, but we face thgl alternatively from
large background from the production of strongly interacting T+

L

sparticles. As so few events pass the cuts, we generated sepa- T

rate data samples corresponding to the electroweak produc- i Al, 0

tion of sparticles and reweighted the events appropriately. X 8+I* X2tV
Events are selected that have a three isolated leptons a 1 l

pair of which have opposite charge and the same flavor with X 2+ IT+1- X (1)+ [*+]~

pr1>10 GeV and |<2.5, and no jets withp;>30 GeV in
| 7| <3.0. The jet veto is needed to remove gluino and squark'he dominant decay chaim—Yy 1+|, 5% Ir_& 8+jets is

ini.tigted events. These events have jets in th(_e central regiogilled by the jet veto requirement. The experiment is only
arising from the decay products of the sparticles and fronfeasible at high luminosity.

final state gluon radiation. These events also have jets, ap-

proximately uniform in rapidity, from initial state radiation. |\, | Lic POINT 4: m-=800 GeV. m. =200 GeV tanB=10
This latter source is also present in the direct production of S e ’
charginos, neutralinos, and sleptons. Figure 14 shows the LHC point 4 has squarks which are much heavier than
dilepton invariant mass distribution of the two leptons thatgluinos, so production of the latter is dominant. The heavier
have opposite charge and the same flavor. The number ahargino and neutralinos have a much larger admixture of
generatecevents in this plot is not large, but are sufficient to gauginos than at the other points. Hence, the gluinos decay
demonstrate that in 10 fi3 of data there will be sufficient into all combinations of all the charginos and neutralinos and
events for a precise measurement. The background eventsatl the quark pairs with comparable branching ratios, giving
this plot (corresponding to three generated eveare from a very complex mixture of signatures.
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FIG. 15. M, +,- distribution for opposite-sign, same-flavor dilep- FIG. 16. Difference of théM - distribution for opposite-sign,
tons for the point 4 signal(open histogram opposite-sign, same-flavor dileptons, and opposite-sign, opposite-flavor dileptons
opposite-flavor dileptongdashed histogramand standard model for the point 4 signal(open histogram and the standard model
backgroundshaded histogram backgroundshaded histogram

A. Selection of gaugino decay&;—x; *1~ The relative number of events in the two parts of the
distribution can be measured with a statistical error of a few
The objective of this analysis is to isolate ODDOSIIG SigNpercent. The systematic error on teeand u acceptance
same-flavor dlleptons coming fromys—X51"17, X34  should be comparable to or less than this altetecays are
—% 92, andy, — X1 Z. First, the following cuts were made studied carefully and used for calibration of the calorimeter.
to suppress the standard model backgroundd,;  Since the sleptons are also heavy at this point, the leptonic
>800 GeV; E;>max(100 GeV,0.18l.4); =4 jets with  branching ratios for thg io are essentially determined by the
pr1>100 GeV, pr,34>50GeV; 1717 pair with pr, Z branching ratios, so the relative number of events provides
>10GeV, |7 |<2.5; | isolation cut: E;<10GeV in R  a measure of
=0.2; transverse sphericity;>0.2.
The opposite-sign, same-flavor, and opposite-flavor dilep- %=X 84%s :B(@—XiX)B(Xi—ZX)
ton mass spectra for the point 4 signal and the opposite-sign, B(G— xoX)
same-flavor standard model background with these cuts are
shown in Fig. 15. There are clear low mass ahdpposite-  There are of course non-negligible corrections from squark
sign, same-flavor signalg¢Note that theZ is treated as a production and from lepton acceptance.

narrow resonance in the event generatdihe same-sign To see how useful such a branching ratio measurement
standard model background is not shown but is smaller thamight be, samples of 10 K events each witg= 800, 700,
the opposite-sign background. and 600 GeV were generated, forcing the decays

The difference of the opposite-sign, same-flavor andy 0—>X 9*1~ andZ—I"I". Figure 17 shows the resulting
opposite-sign, opposite-flavor dilepton distributions is ShOWrbpposne -sign, same- flavor mass distributions including the
in Fig. 16 _This difference should only have contributions o leptonic branching ratiogSubtraction of the same-sign
from ¥ 5—% 2171~ (shown as a dashed cujvand from  background does not work properly when decays are forced,

Z—I1"1" decays from heavy charginos and neutralinosso the subtracted distribution is not sho)/viﬁhe number of
which contribute to theZ peak. Contributions from two in- events in thez peak and below 70 GeV ar&y, 2% and
dependent chargino, top, ® decays contribute equally to Z2 respectively. The ratio is nearly constant, and the
both flavor combinations and therefore cancel in this figurechange in absolute number is similar to the change in the
The standard model background in the figure fluctuates imotal cross section. There is, however, sensitivity togtan
sign because of limited statistics but should also mostly canwhich is more directly related to the mixing of the heavy and
cel. light gauginos. A sample of 10 K events witimg

The edge of th& 35— {171~ signal is not quite as sharp =800 GeV and ta=5 was generated, again forcing the
as in previous cases, but it clearly can be measured with agecays. Figure 18 shows the two distributions; the ratio is
error of ~1 GeV or less. The observation both of this edgerss, More study is needed, but it seems likely that this ratio
and of theZ peak shows that both Iight and heavy gauginoscould constrain tg8=10 to ~10%.
contribute, since for any given gauging, decay mtoXJZ is The results at this point are very sensitive to the top quark
much larger than decay |nt,@JI+I mass. For example, Fig. 19 shows the same distribution as
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LHC Point 4, m, = 800,700,600 (GeV)

LHC Point 4, m, = 170 (GeV)
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FIG. 17. Comparison oM+~ distributions for opposite-sign, FIG. 19. The same as Fig. 16 but witth=170 GeV. Note the

same-flavor dileptons fomy=800 GeV (solid histogranmy mjy large change in the size of tl# peak.
;;?f GeV (dashed histogranandm,=600 GeV (dotted histo- B. Selection ofy 0— ¥ =W —e*p*X

Isolated e events come from two independeW or
Fig. 16 for the same SUSY parameters but for wino decays, not from singl& or neutralino decays. At LHC

=170 GeV instead of 175 GeV. Note that tie peak is point 4 the branching ratio fog g—ﬁszi is about 84%;

: : o thi ntributes te™ u* but not toe™ u*. Since th
dramatically larger. The reason for this extreme sensitivity is s decay contributes & " but not toe u . Since the

that thi int i | to the bound f the all dgluino is @ Majorana fermion, other channels involving two
at this point 1s very close 1o the boundary of the alowedi,qanandentjg or §g decays contribute equally te* u™
region: there is no electroweak symmetry breaking rigr

. o ande™ u™.
=165 GeV. The possibility of such sensitivity, however,  Thareis a large background & ™ from tt production.

suggests that theoretical uncertainties could play an imporr suppress this it is necessary to raise the cuvigg from

tant role in this region of parameter space. 800 to 1000 GeV. The like-sign and opposite-sin mass
distributions with this cut and the other cuts described in the
previous subsection are shown in Fig. 20 together with the
; _ standard model backgrounds. The difference of the like-sign
250 7T lu.-K]: ||30l|n'1[ 4. t]al? B' - 1.0’15 — and opposite-sign distributions is shown in Fig. 21. The stan-
dard model background shows statistical fluctuations but is
fairly small after these cuts.
For point 4 the end point of the” ™ mass distribution is

fo - .
e 200 1 4 determined byy 9—¥;W™—e“u"x $ and is calculated
By B i from the mass spectrum to be 220.6 GeV. This is consistent
) - . with Fig. 21. Of course other models might lead to the domi-
E 150 ] nance of this decay by other modes. Because there are two
2 - ] missing neutrinos in addition to thg?, there is no sharp
2 i 4 edge at the kinematic limit, so the endpoint can be deter-
(1] i . .
=100 = | ] mined only roughly. However, the total number of events in
3 N . Fig. 21 can be measured to a few percent; it provides a
o C ' ] measure of another combination of branching ratios.
~ 50 4 —

C .r ] V. LHC POINT 5: my=100 GeV, m;,,=300 GeV, tanB=2.1

0 -gwl ol hﬂ?"ﬂﬂ-’f}w‘ LHC po_int 5 has a gluino with mass 767 Gg\Land _Iight
0 50 100 150 200 squarks with the masses of 662—690 GeVgseqq domi-

M, (GeV) nates. It hasM(y 3)=232.6 GeV, M(x ;)=121.7 GeV,
andM (h)=104.15 GeV, sd( 5—Y Sh is kinematically al-
FIG. 18. Comparison oM+, distributions for opposite-sign, lowed. It also has light right-handed slepton|(I)
H . . — T 0 ¥ ~ 0y +]—
same-flavor dileptons for t#+10 (solid histogram and tag=5  =157.2 GeV, so thag ,—Izl"—x {1 "I~ also has a large
(dashed histogram branching ratio. This point was chosen so thatih% pro-
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FIG. 20. M¢= = (solid) andM.: .+ (dotted distributions for the o
point 4 signal, and standard model opposite-sign, opposite-flavor F|G. 22. M(bb) for pairs ofb jets for the point 5 signalopen
backgroundshaded histogram histogram and for the sum of all backgroundshaded histogram
after cuts described in the text. The smooth curve is a Gaussian plus
vides the correct amount of cold dark matter for cosmologyﬂuadratic fit to the signal. The light Higgs mass is 104.15 GeV.
this generally requires relatively light sleptofist]. o ] .
gluino is heavier than the squarks and so decays into them.
The strategy for this analysis is to select events in which one

A. Selection ofh—bb and measurement of\ @)-MQRY squark decays via

For LHC point 5 the decay chaip 5—% Sh, h—bb has
a large branching ratio, as is typical if this decay is kinemati-
cally allowed. The decap—bb thus provides a handle for and the other via
identifying events containingy 3's [5]. Furthermore, the

TG—X %4, X 9—% Sh, h—bb,

4—X 10,
80 L‘H? IPomlM; o giving two b jets and exactly two additional hard jets.

L l ' ! - ISAJET 7.22[8] was used to generate a sample of 100 K
= = events for point 5, corresponding to about 5.6 ftso the
signal statistics shown in this section roughly correspond to
the actual statistics expected in 1 yr at low luminosity. The
background samples generally represent a small fraction of
an LHO yr. The detector response was simulated using the
toy calorimeter described above. Jets were found using a
fixed cone algorithm wittR=0.4. The following cuts were
imposed: E+>100 GeV; =4 jets with pr>50 GeV and
pr1>100 GeV; Transverse sphericityS;>0.2; Mg
>800 GeV; E+>0.2M 4.

Events were then further selected by requiring them to
have at least two taggdiljets which may or may not be one
of the jets passing the primary cuts. As before, jets were
L . tagged asb’s if they contained aB hadron with p(B)

ep. Events/10 (GeV)/10(fb™)

. >5 GeV andn(B)<2, and a tagging efficiency of 60% per

b was included. o
Figure 22 shows the resultingb mass distributions for

the signal and the sum of all standard model backgrounds

FIG. 21. Difference of thevl,+,- distribution for opposite-sign, With pt ,>25 GeV together with a Gaussian plus quadratic
opposite-flavor and same-sign, opposite-flavor dileptons for thdit to the signal. The mistagging background is comparable to
point 4 signakopen histograr and the standard model background the real background shown. The energy calorimeter scale for
(shaded histogram b jets was recalibrated to bring the Higgs boson mass peak to
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its correct value which will be measured ultimately via the Events were then required to have exactly drie pair
decay tovyy. The correction is about 8%. Using a larger with invariant mass withint 1.50 (~19 GeV) of the Higgs
cone,R=0.7, gives an uncorrected peak which is closer topeak and exactly two additional jets wifiy>75 GeV. The

the true mass but wider. Note that for point 5 the light Higgsinvariant mass of each jet with tHeb pair was calculated.
boson could be discovered in this channel with much lesgor the desired decay chain, one of these two must come
integrated luminosity than is needed to obsetveryy;  from the decay of a single squark, so the smaller of them
the latter would provide a better mass measurementnust be less than the kinematic limit for the decay chain
AM <1 GeV. 9—x%a—x%ha: namely,

2 2 a2 2 12 ap2 N2 2092
M2 o+ Mp M;2+\/(M;g M7= M3 02— 4MiMZ o

MI292= M2+ (MZ—M2
( hq h ( q Xg) 2M;0

2

Using the average of the, and dl__masses givesv ﬂ“(‘;‘x B. Selection ofW—qq and measurement ofM ('JL)—M&({)

=506 GeV. The smaller of the twbbj masses is plotted Point 5 also has a large combined branching ratio for one
in Fig. 23 for the signal and for the sum of all backgroundsgluino to decay via

and shows an edge near the expected value. The standard = _ - - .
model background shows fluctuations from the limited g—did, Gu—X 10, X;—XiW*, W"—qg,
Monte Carlo statistics but seems to be small near the edge, at .
least for the idealized detector considered here. There i%nd the other via
some background from the SUSY events above the edge, FI—0r0, aR_,S“(gq'
presumably from other decay modes and/or initial state ra-
diation. giving two hard jets and two softer jets from thg. The
A detailed understanding of the shape of this edge and itranching ratio for'ﬁL—>X_(1)q is small for point 5, so the
relation to the masses involved rquires more study. Based ogpntributions fromg—q,q and from@, q, pair production
the statistics in Fig. 23, it seems likely that one could deterare suppressed.
mine the end point of the spectrum 040 GeV in 1 yr and The same signal sample was used as in the previous sub-
to half of that in 3 yr at low luminosity. section. The combinatorial background for this decay chain
is much larger than for the previous one, so harder cuts are
needed. In particular the jets are orderedpinand theW
candidate is formed using the third and fourthe jets, which
LHC Point 5 are required to be central specificalBi;>100 GeV, =4
50 LB LA B LU B jets with pry,>200 GeV, prs >50 GeV, and|ns4<2,
transverse sphericityS;>0.2, M4>800 GeV, and Et
>0.2 M¢i. The samé-tagging algorithm was applied to tag
the third and fourth jets as not beittgjets. In practice one
would measure thé jet distributions and subtract them.
The mass distributio 5, of the third and fourth highest
pt jets with these cuts is shown in Fig. 24 for the signal and
the sum of all backgrounds. A peak is seen a bit below the
W mass with a fitted width smaller than that for thén Fig.
22; note that th&V natural width has been neglected in the
simulation of the decaysThe standard model background is
more significant here than for the—bb channel. Events
from this peak can be combined with another jet as was done
for h—bb, providing another determination of the squark
mass, Fig. 25, with an error similar to the previous one. Fig.
Lo 24 also provides a starting point for measuring Yepro-
800 1000 duction rate in SUSY events. Knowing this rate is essential
M,y (GeV) when searching for excess leptons from other sources such as
gaugino decays.
FIG. 23. The smaller of the twbbj masses for the signal and
background events with 88M(bb)<123 GeV in Fig. 22 and
exactly two additional jet with pr>75 GeV. The endpoint of this  The Higgs boson width is much smaller than thewidth for
distribution should be approximateMp*=506 GeV. Higgs boson masses relevant to these analyses.
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FIG. 26. M, for the point 5 signalopen histogramand the sum

FIG. 24. M3, for nonb jets in events with two 200 GeV jets X
of all backgroundgshaded histogram

and two 50 GeV jets for the point 5 sign@pen histogramand the

sum of all backgroundéshaded histogram o ) om0 ~o0

is kinematically allowed and competes with tjsaegﬂ X ih

decay, producing opposite-sign, like-flavor dileptons. This
Point 5 has relatively light sleptons, as is generically necSOUrce of sleptons is much larger than that from direct pro-

essary if thex ® is to provide acceptable cold dark matter duction and their discovery is much easier than at point 3

[14], sincey °—7 © annihilation in the early universe pro- despite the fact that the total sparticle production rate is
’ 1 1

ceeds via slepton exchange and the slepton mass must thepél-'ICh larger at that point. The largest standard model back-

fore be small enough to make this rate sufficiently Iarge.ground istt. To Suppress this and other standard modgl
backgrounds the following cuts were made on the same sig-
Hence the two-body decay . )
nal and standard model background samples used previously:
Meﬁ>800 GeV, ET>02Meff1 =1R=04 Jet W|th pT,l
>100 GeV, | 1~ pair with pr ;>10 GeV, | 5|<2.5, | iso-
lation cut:E;<<10 GeV inR=0.2, and Transverse sphericity
Sr>0.2. With these cuts very little standard model back-
ground survives, and thd,, mass distribution shown in Fig.
26 has an edge near the kinematic limit for this decay se-
guence, namely

C. Selection ofx%,—11—%4% !l

RTaT R o

LHC Point 5
150 1 1 [ 1T I L L l LI LI

M; 0
1- W_l% 108.6 GeV.

100
| Inlan:M};) 1__2_M~

X

N O

Observing bothh—bb with M;,>M_, and anl®l~ con-
tinuum with M,;;>M, would certainly suggest, and perhaps
establish, the existence of light sleptons.

If M, is near its kinematic limit, then the velocity differ-
ence between the"l~ pair and théy $ is minimized in the
rest frame ofy 2. Having both leptons hard requires
MT/M;2~M;2/MT. Assuming this ancM;c2)=2M;cl) im-
plies that the endpoint in Fig. 26 is equal to %Q mass. An
improved estimate could be made by detailed fitting of all
the kinematic distributions. Events were selected Witi?*
—10 Ge\<M;; <M "™ and the) 9 momentum was calcu-
lated using this crudg 2 mass and

Events/40 (GeV)/10 (fv™)

50

0 200

400 600

M;; (GeV)

A

800

1000

FIG. 25. The smaller of the twagj masses for signal and
backgroundshadedi events with 7. M(qq)<87 GeV in the pre-
vious figure and with exactly two additional jejswith p:>75
GeV. The endpoint of this distribution should be approximately the

mass difference between the squark andyte about 565 GeV. Py 0= (M3 o/Mi)By -
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FIG. 27. M”m for events with 86<M, <109 GeV using FIG. 28. M (ll) for point 5(solid curve and for a modified point

5x‘1’:N}3(‘1’/MHh| for the point 5 signal(open histograinand the with rr}0=”12t0 (Cjie\é(dasdhtle(:) cukr\oe Thg shaded histogram is the
standard model backgrourighaded histogram sum ot afl standard model backgrounds.

ful subtraction of standard model backgrounds will be nec-

The invariant maer”j;(g of the "1™, the highestp+ jet, essary.
and they ¢ was then calculated and is shown in Fig. 27. A
broad peak is seen near the light squark masses, 660—-688 D. Top production in SUSY events
GeV. This peak contains complementary information to that - ; : :
obtained ffom Fig. 23 and F:nore info%mation about the §Iu|rjf)~decays at LHC point 5 h_ave a sizable branching
masses could be obtained by performing a combined fit. fatio to t t. We have attempted to isolate such a sample by

A detailed analysis of the dilepton mass spectrum woulds€arching for top decays. In order to reduce the background
require varyingM (¥ g)' M(I~R), M(X 9), and thepr(X 2) from standard model top production, the cutMp; has been
distribution and fitting the distributions d¥1(Il), p+(Il),
pr(h), andp+(l)/pr(l1). Rather than do this, a sample of LHC Point 5, m, = 100, 120 (GeV)
50 K events withmy=120 GeV but otherwise the same pa- S2 UV J  H H  L L A
rameters was generated. A comparison of some of the rel- i
evant masses is shown in Table |V; the slepton mass changes B
by 13 GeV, and the rest are essentially identical. The ~ L
M(II) mass distribution near the edge is shown in Fig. 28. g 300
There is a shift in the location of the edge by about 2 GeV, © i 7

1 e

which should be observable. There is not much change in the<

pr distribution of thell pair, Fig. 29. The most sensitive G 4
distribution is p(1,)/p+(l1), Fig. 30, where by definiton S 200 —
pr(l2) <pr(l1). There is a clear change in the shape, as one $ 7
would expect. For fixed values of the other parameters, one '05, ]
ought to be able to determima, to ~5 GeV, although care- i i
100 ]
TABLE IV. Comparison of masses relevant to dipleton spec- :
trum for point 5 and for modified point witmy=120 GeV. i
-
Mass Point 5 Withmy= 120 GeV 0 z -
20 300 00
9 767.1 GeV 767.2 GeV Py, (GeV)
X9 231.2 GeV 231.4 GeV
IR 157.2 GeV 170.6 GeV FIG. 29. p(Il) for point 5 (solid curve and for a modified
X9 121.3 GeV 121.4 GeV point with my=120 GeV(dashed curvje The shaded histogram is

the sum of all standard model backgrounds.
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FIG. 30. pt(l5)/p1(l;) for point 5(solid curve and for a modi- FIG. 31. The invariant mass distribution used to search for
fied point withmg=120 GeV (dashed curve The shaded histo- W-—qq decays in the point 5 top reconstruction. The shaded histo-
gram shows the sum of all backgrounds. gram shows the sum of all backgrounds.

raised toM 1000 GeV for this analysis. The event selec- 1h€ kinematics of the d.ec"?‘y_’?(fvaf_)X 1W restricts
tion is as follows: E;>100 GeV, =4 jets with pry the Wb mvarlant'mass dlstrlbutlon_to pe between 203 and
>100 GeV, prp3.4>50 GeV, transverse sphericig;>0.2, 356 GeV. There is some evidence in Fig. 33 fo_r an excess of
M ¢>>1000 GeV,’ET>O.2Meﬁ, and exactly twab jets with events in this region. Unfo’rfungtely’,uotrl?r poES|bIe~comb|na-
pr>25 GeV. tions and decays such &@—bb, b—X;t, X =% W,

If the invariant mass of the twb- system is within ~Which has a smaller combined branching fraction, make the
+20 GeV of the H|ggs boson mass, the event is rejected_ Tgxact interpretation difficult. ThUS, when diSCUSSing the de-
search forW—qg, we calculate the invariant mass of all
dijet combinations with both jets having;:>50 GeV and LHC Point 5
with neither jet being tagged as la Combinations with L B R
IMgg—My|<10 GeV mass are consideradl candidates.
Combinations where 20 GeV|Mg—M|<30GeV are
used to model the shape of the background; we will refer to -
these events as ttW sideband region. Thi! jg-distribution 50 —
is shown in Fig. 31 where a cled peak is visible. The
average jet multiplicity in these events+s9 and hence there
is a large combinatorial background in this figure.

Dijets in theW mass andV sideband regions are then
combined with each of the twb jets, giving two combina-
tions for eachW. Results of this reconstruction for th4/
signal and sideband regions are shown in Fig. 32. Subtrac-
tion of the sideband distribution from the signal yields Fig. 50
33. A clear top signal is seen. There is a small background of
standard model production of top quarks, shown as the
hatched histogram on this figure. The dominant decay chain
giving rise to this signal is

| T ¥ ! ] T T T T

.1) .

i

Events/10(fb
Q
o
I

.llllIlJI

- 0 0 200 400 600 800
g—tt, M(jjb) (GeV)
~ o~ FIG. 32. The invariant mass distribution qfb candidates for
t—x1 b, combinations where thgq pair are in theW mass regior(solid)
andW sideband regioridashegl The b-jet energies havaot been
~t  ~0 recalibrated and a tagging efficiency of 60% peincluded. Note
X1 —Xx1W.

that each event appears twice.
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FIG. 33. The sideband subtracted invariant mass distribution of F|G. 34. M(bb_) for pairs ofb jets for the LHC point 1 signal
Wb candidates. The hatched distribution shows the contributionopen histogramand for the sum of all backgroundshaded his-
from standard model production of top quarks. togram) after cuts described in the text. The smooth curve is a

Gaussian plus quadratic fit to the signal. The light Higgs mass if
111.2 GeV.

termination of SUSY parameters in Sec. VIIB, we assume
that top decays in SUSY events can be seen at poiin-5 _
dicating that theg—tt channel is open but we will not 36 and 37. The endpoints for the decay sequence

assume that the mass can be determined. aL—x gq_& gbbq are 739 and 751 GeV, respectively.
Measurement of this edge will be limited by statistics to
~ ~1
VI. LHC POINTS 1,2: my=m,,,=400 GeV, tanB=2,10 50 GeV for 10 fb ~.
LHC points 1 and 2 have gluino masses of about 1 TeV B. Selection ofy;— ;! *1~

and squark masses about 50 GeV lighter. These are close to . .
the upper limit of the expected range if SUSY is to be rel-, Sleptons are quite heavy for LHC points 1 and 2, so there

evant to electroweak symmetry breaking. The cross sectiorls M edge in the dilepton mass spectrum as for point 5.
are quite small, so more than 10 fbis needed for precision
studies. Only a few results will be presented here.

LHC Point 2

T T T | T T T T T T T T

100
A. Selection ofh—bb and measurement ofM (U, ) —M (x%)

This analysis is very similar to the one for LHC point 5,
but since the signal cross sections are smaller, harder cuts ar€a 75
needed: E;>100 GeV, =4 jets with pr>50 GeV, pr; P=Y
>250 GeVpr,>150 GeV, transverse sphericitg;>0.2,
Ms>1000 GeV, andE;>0.2M .

Events with exactly two taggeldl jets were then selected.
Figures 34 and 35 show theb mass distributions for points
1 and 2, respectively. The light Higgs boson would be dis-
covered in this mode at either point with 10fhor less,
althoughh— yy would still be needed to provide the most 25
precise mass determination. o

Events passing these cuts and havirdbanass within 2
of the peak were then selected. These events were also re- - e _
quired to have two and only two additional jets wity 0 7% 100 150 200
>100 GeV. This cut is quite inefficient, but attempts to im- M
prove its efficiency produced more background. Each of the
two jets was combined with thieb pair. The smaller of the FIG. 35. Same as Fig. 34 for LHC point 2. The light Higgs mass
two masses was selected for each event and plotted in Figs.125.1 GeV.

50

I[IIIII!IIIlI
Illlllllllll

Events/4 (GeV)/10
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FIG. 36. The smaller of the twbbj masses for the signal and  FIG. 38.M, for the point 1 signalopen histogramand the sum
background events witM (bb) within 20 of the peak in Fig. 34 ©f all backgroundgshaded histogram
and exactly two additional jefswith pt>100 GeV. The endpoint
of this distribution should be approximatels*=739 GeV.

The Z peak is questionable for point 1 but rather clear for
point 2, which has larger tghand hence more mixing of
There is, however, Z—171~ signal that can be used to gauginos and Higgsinos. Even for point 2, however, the sta-
distinguish these otherwise rather similar points. tistical error on the number &'s is ~15%. Clearly this is
The basic selection cuts given at the beginning of thea measurement that needs higher luminosity.

previous subsection were applied. In addition, the events There are also observable signals in the like-sign and in
were required to have two opposite-sign, same-flavor leptonthe opposite-sign, opposite-flavor dilepton channels. These
with pt>10 GeV, | 7|<2.5, andE;<10 GeV in a coneR  would certainly be useful in a global fit, but they do not seem
=0.2. The mass of the two highgst such leptons is shown to provide the sort of precise measurements being considered
in Fig. 38 and Fig. 39 for LHC points 1 and 2, respectively.in this paper.

LHC Point 2 LHC Point 2
_! 1 T l T T T I T T T l T T T T T l_ T T T T I T T T T I T T T T T T 1 LI
8 [ - I ]
= | ROy 1 gof -
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g 4 | . T 0 -
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A
i . | i
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FIG. 37. Same as Fig. 34 for LHC point 2. The endpoint should  FIG. 39. M, for the point 2 signalopen histogramand the sum
be Mps*=751 GeV. of all backgroundgshaded histogram
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VII. DETERMINING SUSY PARAMETERS

1OIIIIITKIIIRIII!IIII

Once a number of quantities have been measured, we can
attempt to determine the particular SUSY model and the val-
ues of the parameters. The strategy will be to attempt to g
perform a global fit to the model parameters using all of the
available data, much as the standard model is tested using the
W andZ masses and the many quantities precisely measured
by the CERNe" e~ collider LEP or SLAC Linear Collider @ 6
(SLC). Such a fit is beyond the scope of our work, and weu
adopt a simpler procedure. We assume that from measurez—
ments of global parameters such as those discussed in Sec. Il 4
we know the approximate scale of the superpartner masses
and have some idea that we might be in a SUGRA model.
The object is then to determine the parameters of that model
and check its consistency. We must therefore determine the 2
parametersng, my,, Ag, tand, and sgm. As we will see
A, is difficult to determine. Its value is given at the unifica-
tion scale, and the value that is relevant for the phenomenol- 4 A /
ogy is the one evolved down to the electroweak scale. Many 0.1 0.2 0.3
choices ofA; evolve to the saméixed poinj value, so there
is reduced sensitivity to its value at the unification scale. In
addition it always appears scaled by the Yukawa coupling
for the relevant quark or lepton. Hence its effect on lepton ) T
masses and on the quarks of the first two generations is very FIG- 40. Branching ratig ;—X 3 "1~ for the SUGRA models
small. Its effect is significant for top squarks and at largeTo=200%15 GeV,m;,=100=1.5 GeV, ta=2.0+0.1.
tang for bottom squarks.

Our strategy for determining the parameters is as follows.
We choose a point randomly in parameter space and com-
pute the spectrum. We assign a probability to this point debe —1, and A, is constrained to be greater than
termined from how well it agrees with our “measured quan-—400 GeV.
tities” using our estimates of the errors on those quantities. There are no clear correlations between the parameters.
The process is repeated for many points and the probabilitieBhe additional constraint that the average value of the light
used to determine the central values of the parameters, thedguark mass is within-20 GeV provides no additional re-
errors, and their correlations. The probability distributionstriction on the parameters. The relevant phenomenological
functions are not always Gaussian; thdlo (—10) errors  parameter is the value & evolved down to the the elec-
quoted below are such that 15.87% of this distribution istroweak scale. The relevant values are those for the third
below (above the quoted value. Thus, 68.27% of the prob-generationA, andA,. Information on these can only come
ability falls within our definition of+1¢. directly from data on bottom and top squarks. In this case
A=—176x=22 GeV. A, is not well constrained; it is al-
A. LHC point 3 lowed to range from 50 to- SOQ GeV. Over this range the

' mass of the two top squark eigenstates varies only slightly

At LHC point 3 (my=200 GeV, m;,,=100 GeV}, LEP  from 270 and 320 GeV at one end to 260 and 330 GeV at the
will discover h and measure its mass. The relevant error isother. ConstrainingA, is very challenging as it appears
that from theoretical calculations of the mass in the superscaled by the small factor of the bottom quark Yukawa cou-
gravity model which is likely to dominate the error from the pling.
LEP measurement. We will assume an errorZo8 GeV. The degree of precision may be surprising. Over most of
Using the results presented in Sec. Ill, we assume the folthe SUGRA parameter spage> and 2 are gauginosi.e.,
lowing measurements and errordMy0—My0=52.36  they have no Higgsino componeptsly 0—My o then deter-

+0.05 GeV, Mg—Mp=20.3-2.0 GeV, and M;,=68.3  minesm,,. Mg and M5 o are then predicted and a consis-

£3GeV. As described above the mass differe’d  tency check of the model made by the measurement of
—Mj is insensitive to the mass assumed fof. Mg Information onmy, is then obtained fronMy and the
Using the strategy outlined above we get the following, 5 ,e of My, is sufficient to constrain tg
constraint on the parametensi, = 200" °> GeV, my,=99.9 The other measurements available at this point are now
0.7 GeV, tap=1.99+0.05, the sign ofx is determined to  ysed to provide powerful consistency checks of the model.
The measurement of the bottom squark and other squark
masses and the event rates for isolated leptons without jets
2The Higgs boson mass that we use is that determined from onéliscussed in Sec. Il are examples Another example is the
loop calculations as implemented isaJET [8]. Two loop correc-  branching ratio for)( =X 1| |~. Figure 40 shows this
tions to the Higgs boson mass, implemented, for example, iPranching fraction for a selection of SUGRA models that
SPTHYIA [15], lower the mass by about 5%. have parameters in the slightly larger rangs=200

BX, —» X e )
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FIG. 41. The sideband subtracted invariant mass distribution of _
Wb candidates. The analysis is as described in Sec. V D. The solid FIG- 42. The branching ratiq3— Z for models with My,
histogram is for point 5 and is the same as that shown in Fig. 33=111.553 GeV, M=920=90 GeV, and both signs of=
except that the binning has been changed. The hatched histogram! (circles andu=—1 (crossepas a function of tag.
corresponds to the poimhy=90.4 GeV, m;;,=290 GeV, taB
=3.1, sgu=-—1, andA,=66 GeV.

spectrum to the sign of. At this point the errors usegex-

cept for the one oM,,) are limited by statistics, so additional

luminosity will cause the errors to drop. Using 0.6 GeV for
+15 GeV, m;;,=100+1.5 GeV, ta=2.0+0.1. At point the error on the dilepton end point and 23 GeV for the error
3 B(x gﬂ’)‘(’ 2e+e‘)=16.5%. This branching ratio can be On the endpoint of Fig. 23 reduces the errorsmy), and

constrained using the method described in Sec. Il D. my to =7 and*9 (+2.5 and+ 10), respectively, for posi-
tive (negative u; the error on tag is not reduced.
B. LHC point 5 As well as the differences in the masses of the heavier

. Higgs bosons and gauginos noted above, the negative sign

At LHC point 5 (mo=100GeV, m;,=300GeV, solution has larger top squark masses and hence a smaller
tan=2.1, h will be discovered at LHC in its pranching ratio foig—t;t. We have investigated the sensi-
decay tobb from its production in the decays of supersym- tivity of the top quark signal discussed in Sec. V D to the
metric particles, and its mass will be measured preciselgign of u. The parameters,=90.4 GeV,m,,,=290 GeV,
from its decay toyy. Using the results presented in tan3=3.1, u=—1, andA=66 GeV have the opposite sign
Sec. V, we assume the following set of measurementsyf 4 from point 5 but give an excellent fit to the “data” used
M+2 \/1— M%/M%o \/1— MéolM%: 108.6+ 1 GeV, the de- for fitting at this point® A sample of 100 K events was gen-

. . erated for this parameter set, and the analysis leading to Fig.

33 was repeated. The result is shown in Fig. 41; note that the
bins in this figure are twice as wide as those in Fig. 33. It can
be clearly seen that the amount of reconstructed top in SUSY
events is reduced relative to that at point 5 and that this fact
=91+3 GeV, m;,=288+18 GeV, taB=3.1+0.2, andu  ¢an be used to eliminate this alternative solution. In addition,
=-1 ] ] ] the solutions withu=—1 have smaller branching ratios of

Both of these solutions provide good fits to the “data.” J—ax ?h so the observed number of Higgs events should
While there is no constraint oA, the values ofA; and A, be able to severely constrain this case.
are constrainedA,=—740+180 (A,=—750*=220) GeV
and A= —495+30 (A;=—536=56) GeV for u positive
(negative. The main differences between the mass spectra
for these two solutions are in the massex®f x3, x3, and At LHC point 4 (mo=800 GeV, my;,=200 GeV, ta
x5 and the masses of the heavier Higgs bosons; they are 10), determination of the parameters cannot be done by the
significantly larger in the positivee case. The claimed sen-
sitivity to the lepton decay spectrufsee Fig. 3D of émg
~5 GeV implies that this parameter’s range can be narrowed3This modified point has a combined probability of 98% of fitting
somewhat. We have not investigated the sensitivity of thighe data.

cay g—tt is allowed, the end point of the spectrum in Fig.
23 is 50640 GeV, andV,=104.15-3 GeV. These results
correspond to two possible solutionsi,=100.5 3* GeV,
my,=298"3° GeV, taB=1.8"3%, and u=+1; and m,

C. LHC point 4
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simple method already described. Here only two masses cahat the branching ratio is substantially larger jor=—1.
be measured in a straightforward manner; the light HiggsThe decay chaiigy, —qy 5—qZx J leads to a smalZ peak
boson mass from its decay tgy and they —% 9 mass as shown in Fig. 38 which corresponds By 59— 92)
difference from the endpoint in the dilepton mass distribu-=0.6%. The smallest branching ratio for the=—1 solu-
tion. We use these two measurements and the determinatigidn shown in Fig. 42 is 5.7%, approximately a factor of 10

of the SUSY scale from theM; analysis of Sec. II: larger. It is clear that these two cases can be distinguished in
M3 0—My0=69+1GeV, M,=117.4-3 GeV, and 10 fb~! despite the fact that a larger data set may be required
min(Mg,Mg) =580+ 60 GeV from theM o analysis. to measure the size of the peak shown in Fig. 38. In the case

These constraints restrict the parameter space to two ré)-f point 2, the difference in branching ratios is even greater,

gions: me="784"2% GeV, m,,=200+8 GeV, ta=9+2, again enabling elimination of the = —1 solution.
A is not constrainedpu = +1, andA,<200 GeV andA;<
—150 GeV; or tap=14+4, my=950=210, m,,=185 Vill. CONCLUSIONS

+10GeV, A is not constrainedu=—1, and A,=—160 In this paper we have outlined a strategy that can be used
+150 GeV andA = —400+100 GeV: The uncertainty on tg systematically explore supersymmetry assuming that it is
M7 9—Myois limited by statistics at low luminosity. A re- discovered at the LHC. We have given an example of a
duction in its error would reduce the error am,. global variable M o) that can be used to determine the mass
In order to constrain parameters further, models whos&cale of SUSY if nature has chosen the SUGRA model. Such
parameters are consistent with these values would need to lgéobal variables will be used to give the first indication of a
generated and their predictions for the distributions shown irsignal independent of the type of SUSY model. The produc-
Figs. 17, 20, and 21 calculated. Those which are inconsistefion of heavy mass states virtually guarantees that events
with the “observed” distribution can then be rejected. This with very energetic jets will exist. Other SUSY models such

exercise is beyond the scope of this paper. as those withR-parity violation[16] may have no missing
E+ if the LSP decays within the detector. If the LSP decays
D. LHC points 1 and 2 to leptons, then all SUSY events will have leptons and they

. _ B can be used in a global variable. If the LSP decays to had-
At_LHC point 1 and 2(mo=400 GeV, m;,=400 GeV,  ong the jet multiplicity will rise and a variable similar to
tanB=2,10, event rates are low and precision measurementy "should be effective.

difficult at low luminosity. We use the following constraints. ~ “\1ore detailed exploration will depend on the particular

Mp=111.4£3 GeV for point 1 orM;=125.4-3 GeV for  gygy model. In the SUGRA models, there is a general fea-
point 2, minMg,Mg,) =920+ 90 GeV from theMegr, and the  y,re namely that the second lightest neutralino almost al-
end point of the spectrum in Fig. 23 is 7450 GeV. ways decays th+Y ! if the channel is open and to'1~

In the case of point 1, there are two solutiong uncon- 1% 9 with a substantial branching fraction if it is not. In the
strained, my;,= 400750 GeV, tarB=2.0"g5, p=+1, A iS  former case, this will be the dominant sourcenadind it will
not constrained, and,= —1100*200 GeV andA=—650  pq giscovered in this process via its decapoif it has not
+55GeV; and one with negativa that has insteady,  peen seen at LEP. In the latter case the measurement of the
=392 5, GeV, tanB=3.3."y3. position of the end point in the"1~ mass distribution pro-

In the case of point 2, there is again a solution for eithekjides a very precise measurement of the mass difference be-
sign of u: my unconstrained,m;,=405"37 GeV, tamB  tween two of the sparticles. After first observing one of these
=10.6+0.3, u==*1, A is not constrained, and\,=  signals, one will move up the decay chain to determine other
—1100+200 GeV andA;= —800+55 GeV. quantities.

The lack of a constraint om, at these points is alarming ~ We have then illustrated, using specific examples, some
but can be explainedn,,, is large and the renormalization techniques that can be used to determine masses and branch-
group scaling from the grand unified theo@UT) scale ing ratios of sparticles. Some of these quantities were then
forces the squark masses to be comparable to the gluingsed to determine the fundamental parameters of the
mass almost independent of the input valuergf In cases SUGRA model some of which can be determined with great
of this type one needs to measure slepton masses which gseecision. The ultimate goal of such studies would be to use
less affected since their renormalization group scaling is convery many measurements to make an overconstrained fit to
trolled by aeac rather tharxg. Since the slepton masses are the model, rather in the same way that current data are used
of order 500 GeV, this is a difficult task. Even a lower boundto test the standard modgl7]. The results in this paper are
on the masses would constraim,. only an indication of the exciting physics that lies ahead for

If we reduce the error on the end point of the spectrum inthe members of the CMS and ATLAS Collaborations if na-
Fig. 23 to 20 GeV which might be achievable with high ture proves to be supersymmetric on the weak scale.
luminosity running at LHC, the uncertainty an,,, reduces
to +30 GeV. As in the case of point 5, the dedgystt is
allowed. An analysis similar to that discussed there should
be able to establish that this channel is open. This work was begun during the Summer Study organized

In the case of these points, the negatfiveolution can be by the Division of Particles and Fields of the American
eliminated. The branching ratio foy g—f)? ‘fZ is shown in  Physical Society. We benefited from many discussions with
Fig. 42 as a function of tah for both signs ofu for the  attendees at that study and with colleagues on the ATLAS
solutions in the allowed range. It can be seen from this figureollaboration. In particular we would like to thank Stephan
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