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Abstract. Methods to make precision 
measurements of SUSY masses and pa- 
rameters at the CERN Large Hadron 
Collider are described. 

1 Introduction 

It is quite easy to find signals for 
SUSY at the LHC.[l, 21 But ev- 
ery SUSY event contains two miss- 
ing gy’s,  so it is not possible to re- 
construct masses directly. A strategy 
developed recently[3, 41 is to start 
at the bottom of the SUSY decay 
chain and work up it, partially recon- 
structing specific final states and us- 
ing kinematic endpoints to determine 
combinations of masses. These are 
then fit to a model to determine the 
SUSY parameters. This paper is lim- 
ited to discussion of this approach; 
search limits and inclusive measure- 
ments are discussed by Abdullin.[5] 

The LHCC (LHC Program Com- 
mittee) selected five points in the 
minimal SUGRA model[2] for de- 
tailed study. The parameters of this 
model are mor the common scalar 
mass; ml/ 2 , the common gaugino 
mass; Ao, the common trilinear cou- 
pling; t a n p  = v2/vl ,  the ratio of 
Higgs vacuum expectation values; 
and sgnp, the sign of the Higgsino 
mass. These parameters are listed in 
Table 1, and representative masses 
are listed in Table 2. Point 3 is the 

Table 1. Parameters for the five LHC 
SUGFlA points. 

mo mll2 Ao tanpsgnp 
(GeV) (GeV) (GeV) 

1 400 400 0 2.0 + 
2 400 400 0 . 10.0 + 
3 200 100 0 2.0 - 
4 800 200 0 10.0 + 
5 100 300 300 2.1 + 

Table 2. Representative masses for the 
five LHC SUGRA points in Table 1. 

MQ MaR Mfil MsR Mh 

(GeV) (GeV) (GeV) (GeV) (GeV) 
1 1004 925 325 430 111 
2 1008 933 321 431 125 
3 298 313 96 207 68 
4 582 910 147 805 117 
5 767 664 232 157 104 

“comparison” point; LEP would have 
already found the light Higgs at this 
point. Point 5 is constructed to give 
the right cold dark matter. Points 1 
and 2 have heavy masses, while 
Point 4 has heavy squarks. 

2 Specific Final States 

This section describes only a few of 
the final states that have been stud- 
ied. For all of these studies, signal 
and background events were gener- 
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Fig. 1. Dilepton mass distribution at 
Point 3 and Standard Model back- Point 4.[8] 
ground (shaded).[4] 

Fig. 2. Dilepton mass distribution for 

ated using ISAJET[6] or PYTHIA[7], 
the response of the detector was sim- 
ulated, and an analysis was done 
to select the signal from the back- 
ground. 

M ( 2 : )  - M ( 2 : ) :  The prototype 
of precision measurements[3] is based 
on the decay 2; + 2:ltl- at  
Point 3. Point 3 has unusual branch- 
ing ratios: 

B(ij + 616 + h.c.) = 89% 
B(& + 2;b) = 86% 

B(2: --t kYl+l!-) = 2 x 17% 

Events were selected with an et-!?- 
pair with m , ~  > 10GeV and q < 
2.5 and at least two jets tagged as 
b's with pr > 15GeV and q < 
2. Efficiencies of 60% for tagging 
b's and 90% for lepton identifica- 
tion were included. No .j'!!~ cut was 
used. The resulting &lepton mass 
distribution, Figure 1, has a spec- 
tacular edge at the - M ( 2 : )  
endpoint with almost no Standard 

Model background. Determining the 
position of the edge is much easier 
than measuring Mw at the Tevatron, 
and the statistics are huge. The esti- 
mated error for 1Ofb-l is A ( M ( 2 : ) -  
M ( 2 : ) )  = 50 MeV. 

The low masses and unusual 
branching ratios make Point 3 par- 
ticularly easy. But there is a similar 
edge at Point 4 plus a Z peak com- 
ing from decays of the heavier gaug- 
inos, as can be seen in Figure 2.[8] 
In this case the estimated error 
is A (M@) - M@)) = f l  GeV. 
A scan of .the SUGRA parameter 
space[lO] finds an observable signal 
for ml12 2 200 GeV and for a region 
of small WQ in which the sleptons are 
light. 

i j  and &: The next step at Point 3 
is to combine an .!+e- pair near edge 
with jets. Events are selected as be- 
fore. If the -!+e- pair has a mass near 
the endpoint, then the 2: must be 
soft in 2: rest frame, so 
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Fig. 3. Scatter plot of M ( i )  - M ( i )  vs. 
~(6). [41 Model background (shaded).[4] 

Fig. 4. M(bb) at Point 5 and Standard 

where M(2:) must be determined. 
Lepton pairs were selected with 
masses within 10GeV of the end- 
point and were combined with one 
b to make M(61) and then with a 
second b to make M(5). Figure 3 
shows a scatter plot of all combi- 
nations. Since the 6 jet from l j  + 
bb is soft, there is good resolution 
on the M ( 4 )  - M(&) mass differ- 
ence - c.f. D* - DT. Varying the 
assumed 2: mass gives AM(81) = 
f1.5AM(2y)f3GeV and A(M(5)- 
AI(&))  = f 2  GeV. 

h + b6: For Point 5, 2; -+ 2yh 
is kinematically allowed. Events are 
selected with at least four jets with 
p~ > 50 GeV, p ~ , 1  > 100 GeV, trans- 
verse sphericity S, > 0.2,  me^ = 
$T + pT,j > 800GeV, and 
$T > max(100 GeV, 0.2Mes). Then 
Mbb is plotted for jets tagged as b's 
with m,b > 25GeV and )7b < 2. 
There is a clear peak with a sub- 

-_ 

stantial SUSY background and small 
Standard Model background. 

The two jets from h ---$ b6 can 
be combined with one of the two 
hardest jets in the event to deter- 
mine the squark mass: the smaller 
of the two b6q masses must be less 
than a function of the squark mass 
and the other masses in the decay e + 284 + gyhq. 

e f t -  Again: For Point 5 after 
standard cuts one finds an edge in 
Figure 5191 for > Mz. Since the two- 
body decay 2: + gyh has been re- 
constructed at this point, this edge 
cannot come from the three-body de- 
cay 2; -+ Z;l+t-, since the phase 
space is much smaller. It must come 
instead from 2: ---$ L * F  + 2yt*F. 
Thus the edge determines 

with an error of f l  GeV. 
It is possible to have both 2: -t 

&! and 2; -+ 2y.U edges for some 
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Fig.5. LtL- mass distribution for 
Point 5.[9] 

choices of the SUGRA parameters. 
An example is shown in Figure 6.[10] 

It should in principle be possible 
to extract the 2:, i, and 2; masses 
from a fit to all the dilepton data. 
This has not been studied, but as a 
first step the distribution for the ra- 
tio m,~/pj-,l of lepton mps has been 
examined for = 100,120GeV. 
This distribution is clearly exhibits 
sensitivity to the slepton mass. The 
same distribution can also be used to 
distinguish two-body and three-body 
decays. 

M ( i )  - M ( 2 : ) , M ( j $ ) :  Gluino 
production dominates at Point 4. 
Previously, an e+e- edge was found 
at this point, determining M(2: )  - 
M ( 2 ; ) .  The strategy for this analy- 
sis is to select 

-f - I + i ---* 2%Q+ x144 

using leptonic decays to identify 2; 
and 2: and so to reduce the com- 
binatorial background. Then the jet- 

mSUGRA Parameters 
m - 100 GeV. = 150 GeV. tanp = 2. % = 0. p c 0 0 -  

cI 10' 1 M@=135GeV 
N 1 M(jR) I 120 GeV 

Ld=5 X d  

pT" > 15 GeV. hll c 2.4 
No tacks wim 

pt> 2 GeV in R 0.3 

p{ > 15 GeV. hi< 2.4 

.. ... . :. ;;:.::.:: ,.. :... ::..... 
0 20 40 60 80 1 W  

Id - ,  , , , , , , r . ,  I , I . , , I . , , I :.. 
(GeV) 

Fig. 6. SUGRA LtL- distribution show- 
ing edges from both & + .& and direct 
2: + 2:l.t decays.[lO] 

jet mass should have a common end- 
point since ~ ( 2 : )  M ~(2: ) .  

The analysis[8] requires three iso- 
lated leptons with p~ > 20, 10, 
10GeV andlql < 2.5, one opposite- 
sign, same-flavor pair with Mil < 
72 GeV, four jets with p j -  > 150,120, 
70, 40GeV, lql < 3.2, and no ad- 
ditional jets with p~ > 40GeV and 
Igl < 5 to minimize combinatorics. 
There are three pairings per event. 
The pairing of the two highest and 
the two lowest p~ jets is unlikely and 
is discarded. The distribution for the 
remaining pairings, Figure 7, shows 
an edge at about the right endpoint. 

3 Fitting SUGRA 
Parameters 

Points were generated in SUGRA pa- 
rameter space, and the masses were 
calculated and compared with the 
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Fig. 7. Jet-jet mass distribution for 
Point 4 after cuts described in the text 
and corresponding distribution for cor- 
rect pairing (dotted).[8] 

combinations of masses determined 
by precision measurements. Fit I[4] 
uses a smaller set of such measure- 
ments, assumes that the Higgs mass 
can be related to the SUGRA param- 
eters with an error of 3 GeV, and uses 
an integrated luminosity of 10 fb-'. 
Fit II[11] uses a larger set of preci- 
sion measurements plus a few other 
measurements, e.g., from changing 
squark mass and seeing the effect on 
the highest p~ jet, assumes a negli- 
gible theoretical error on the Higgs 
mass, and uses an integrated lumi- 
nosity of 300 fb-'. 

For both fits the SUGRA param- 
eter space was scanned to determine 
the 68% confidence interval for each 
parameter. The results are summa- 
rized in Figure 8. Clearly the pa- 
rameters are quite well determined. 
No disconnected regions of parame- 
ter space were found. In particular, 
sgn p could always be determined. 
The gluino and squark masses are in- 

1.5 I I '  I '  

1 2 3 4 5  
LHC Point 

0.5 ' 

Fig. 8. Results for Fit I (circles) and U1- 
timate Fit I1 (squares). 

sensitive to r r ~  at Points 1 and 2, 
so Fit I gives large errors. Fi- 
nally, A0 is poorly constrained in all 
cases. It is possible to determine the 
weak scale parameters At and Ab, 
but these are insensitive to Ao. 

4 7 Modes at Large tan@ 

For large t a n p  the F1 can be rel- 
atively light. At the SUGRA point 
r r ~  = mlp = 200GeV, A0 = 0, 
tan@ = 45, p < 0, the decays j$ -, 
F:TF and 2; + Ffv7 are dominant. 
Discovery is still straightforward, but 
all the analyses discussed in Section 2 
do not apply. One possible approach 
is to select %prong T decays to en- 
hance the visible T-T mass. This is 
shown in Figure 9; it has a clear end- 
point at M(2:)  - M ( 2 : )  plus a con- 
tinuum from heavier gauginos. This 
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Fig. 9. Visible r-T mass at a large tan /3 
point and contributions from 2; de- 
cays (dashed) had heavy gaugino decays 
(dash-dot ted). 

example shows that the five LHCC 
points do not exhaust the possibil- 
ities even of the minimal SUGRA 
model. 

5 Summary 

If SUSY exists at electroweak scale, 
it should be easy to find signals for 
it at the LHC. The new result de- 
scribed here is that it is possible in 
many cases to  make precision mea- 
surements of combinations of SUSY 
masses, and these measurements can 
at least in favorable cases deter- 
mine the underlying SUSY parame- 
ters. While these results are quite en- 
couraging, it seems likely that some 
SUSY particles - including heavy 
gauginos, sleptons unless 2; + .li 
or M ( l )  200GeV to allow sub- 
stantial Drell-Yan production, and 
heavy Higgs bosons -will be hard to 
study at the LHC, so a future lepton- 

lepton collider could make an impor- 
tant contribution. 

This work was supported in part 
by the United States Department of 
Energy under Contract DEACO2- 
76CH00016. 
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