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Lepton energy asymmetry and precision supersymmetry study at hadron colliders
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We study the distribution of lepton pairs from the second lightest neutralino detayi| followed by T
—J(gl. The distribution of the ratio of lepton transverse momekiashows a peak structureify <= m®92 is
required. The peak positioh?eakis described by a simple function of the gaugino and slepton masses in the
m;~0 limit. When a moderaten, cut is applied, theA?** depends on thg3 velocity distribution, but the
dependence would be corrected by studying the leptpdistribution. A?**and the edge afn, distributions
are used to determine the mass parameters involved in the decay for parameters of interest to CERN Large
Hadron Collider experiments. For some cases the gaugino and slepton masses may be determined within 10%
by the lepton distribution only independent of model assumptions. Correct combinatid§2band m$?®
would be identified even if differerf((g decay chains are coexisting. The analysis could be extended to the
Fermilab Tevatron energy scale or other cascade decays.

PACS numbeps): 14.80.Ly, 11.30.Pb, 12.60.Jv

I INTRODUCTION tralino to lepton paify9—I1y? is detected with substantial
statistics. For some cases, one would be able to not only
The minimal supersymmetric standard modd5SM) [1]  getermine all MSUGRA parameters, but also to measure the
is one of the most promising extensions of the standargnasses of some sparticles, using the edges and end points of
model. It offers a natural solution of the hierarchy problem,inyariant mass distributions involving jets and leptons. The
amazing gauge coupling unification, and dark matter candisystematic errors of such analyses may be controlled if the
dates. If nature chooses low energy supersymm@&@uSY),  acceptance near the end points &§et) energy resolution are
sparticles will be foundor surg as they will be copiously  known.
produced at future colliders such as the Large Hadron Col- petailed studies in this direction have been performed,
lider (LHC) at CERN or TeV scaleee” linear colliders and we do not repeat these here. In this paper, we instead
(LC's) proposed by DESY, KEK, and SLAC. LHC would be study the ratio of leptonPy (lepton Py asymmetry Ay
a great discovery machine. Squarks and gluinos with a mass PL/PL,; PL<PL,) for the decayy3—TI—11%S. The in-
less than a few TeV would be found unless the decay paiformation has been used in previous analyEg$] in the
terns are noncanonicg2]. context of global fits of MSUGRA parameters. We show that
On the other hand, the MSSM suffers severe flavor changit is possible to make a direct connection between the peak
ing neutral current constraints if no mass relation is imposedtructure of the asymmet2*®and the ratio of the lepton
on sfermion mass parametei3]. Various proposals have energies in the neutralino rest frarg by using events with
been made for the mechanism to incorporate SUSY breaking,, <m"®/2. We also point out that systematics due to the

in “our sector,” trying to offer natural explanations of such 70\ e 1oty distribution would be small and reduced further
mass relation$4]. The discovery of SUSY is not the final X2 y

| but it is the beainni f t for “th h if one includes thé> distribution of the hardest lepton in the
%ios?n,” :f ISLIJSSYi)reZ?!ir;gng ofa new quest for 'the mecha-g, Using them;, end point and the peak position of tAg

. ._distribution, one can at least determine two degrees of free-
Measurements of soft breaking masses would be an im-

portant aspect of the study of SUSY, because differenfiom Of the three parameters involved in ﬂ?&decayvm}g,
SUSY breaking mechanisms predict different spatrticle Massmo andmj. The measurements are based on lepton distri-
patterns. Studies at the Fermilab Tevatron and LHC woulghytions only and free from uncertainty due to jet energy
suffer from substantial uncertainties and backgrounds comsmearing.

pared to a LC, such as luminosity error, combinatorial back- - The organization of this paper is as follows. In Sec. II, we
grounds, and unknown initial energy. Therefore it is veryanalyze the MSUGRA points which were studied[8],
interesting to see the ultimate precision of supersymmetrigyhere squark and gluino decays are the dominant sources of

studies at the LHC. g(g We concentrate on the case whafg—T! is open and

It is possible to determine masses of sparticles from th ~ ~p . o
measurement of end points of invariant mass distributiondollowed by I —1x7. We find that theA; distribution has a

[2,5-7. For the minimal supergravityMSUGRA) and  Peak if m=mj*/2 is required. In the limit wheren; ~0,
gauge mediated models, there was substantial success for the peaknecessarilyagrees with the ratio of lepton energies

parameter points where the decay of the second lightest nelék-g: E|,/Ej; in the 3;2 rest frame for any value of thég
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velocity. A2 is a simple function of the gaugino and slepton The angle,, between the two leptons in thé rest frame is
masses. We show that a smaij cut promises smaller sys- obtained by solving

tematic errors by comparing distributions for different neu-

tralino velocities. In Sec. lll, we show Monte CariMC) mﬁ:2E|lE|2(1—coa9,|), (4)
simulations for the MSUGRA points. We find nearly perfect

quantitativeagreement between the expectation and MC datgyhere =0 for m, =0, while = = for m, = mirex

for wide parameter regions. In Sec. IV, we show that sys- In Eq. (3), we see thaE|1 is monochromatic in th§g rest

tematics due to thg velocity distribution could be cor- )
rected by the hardest leptorPs; distribution. We also show frame. As a result, the energies of the two leptons are asym-
' m?trlc. The ratio of the transverse momenta of the leptons,

expected errors on gaugino and slepton masses. For the MOSich we call the transverse momentum as mmetey
optimistic cases where the end point of the lepton invariant. y

|l | | - - :

mass distribution of the three body deaay®¥is observed P12/ Py (P”.zpn) prowdels more I|nformat|on on the

in addition to the edge of the, distribution of the two body ggf:rilt ﬁgﬁ?j}'nco .;?)Vr\r/]ee\ft{;rznu:l?lgeptﬁe df(?rirr:(tjz Oizv;hr(iaan ;
2 body . - - v )

decaymi ", we can determineng, 9 andn from this uantitym,, . Theys velocity distribution in turn depends on

(almos) purely kinematical information. At least two de- g Y - X2 y P

<0 0
grees of freedom of the three mass parameters would B&¥a andmg, although they; decay distribution in ther; rest

determined by our method ™25 GeV. Section V is rame itself does not depend on them. :
devoted to discussions. This distribution has been used in global fits of MSUGRA

parametersAy distribution “data” for one MSUGRA point
generated by the MC simulator are compared to those of
Il. DISTRIBUTION OF LEPTON ENERGY ASYMMETRY different MSUGRA pointg5,8]. In this model, all sparticle
WITH m; CUT masses depend on a few universal soft breaking parameters
such asmg, M, tan3, etc. When we compare different
MSUGRA points, we therefore change both the parameters

of the’y3 decay,nm;, myo andn, and the parameters b

At hadron colliders, the second lightest neutraligd
would be produced i andg decays, or iny; x5 pair pro-

duction. The decay,—11 could be a dominant decay mode momentum distributioner; andmy at the same time. There-

if it is open. Followed byl —13, the signal consists of the fore it was considered to be less important compared to in-
same flavor and opposite sign lepton pair associated withariant mass distributions.
some missing momentum. It is one of the most promising However it is possible to make a more direct connection
SUSY signals at hadron colliders. with the first set of mass parametergo, mo andn if a

The decay procesga—1*17 — X351, is described by “is o

g s i . SLHTDEN moderatem;; cut is applied9]. Whenm,, is small compared
two body kinematics and is very simple. Ting distribution

to m{'®, the lepton and antilepton nearly go in the same

of the lepton pair from the cascade decay is direction. Then the lepton momentum asymmetry becomes
less sensitive to the parent neutralino velocity. Even after the
1dr 1 n smearing due to the boost of3, the value A2
T dmﬁ (mlrlnaX)Z’ EEll/E2||m”=0 can still be extracted from the peak 8§
=P/ Py
where 5 )
My~ M
peal peak __ A0 __
\/(mgo—nrlz)(rmz—mgo) AP or /AR~ A0 = 2 7 (5
max. X2 X1 I XS
my

thereforeAP®®constrains the mass parameters involvegjn

The decay distribution is flat im? . The only physical ~deca, just asn® does. NoteAZ has monotonous depen-
information we can get from them, distribution is therefore dence on all parameters while thg edge might be acci-
the value of the end point. It constrains one combination oflentally insensitive omn; .2 Note also that the lepton from
the three masses involved}g decay, as one can see in Eq. the Xg and | decays cannot be distinguished in the experi-
(2). ment.A+ is defined so that it is always less than 1, and it is

In the rest frame of the second lightest neutralino, theunderstood tha&?**means 1A?°*whenA2 exceeds one in
energy ofl; is a function ofm;(g andmy, while E;) also  Eq.(5).

depends om;; andno:
1

2 2 2 2 2 10ne may also use the lepton energy ra&jo/E,,. In general Py
m-~o— M m;; + My —No o . o
E X5 | E I X1 distribution reflects sparticle masses much better than energy distri-
= ) = . bution.
70 0 .. .
2mX2 2m;(2 2We thank M. Drees for pointing this out.
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TABLE I. Mass parameters and relevant sparticle masses in IK point
GeV for the points studied in this papesaJET [10] is used to 0.05
generate sparticle masses. We also show correspomg|[liyand ’ C ! !
A2 in the table. — —moPreut
0.04 ----P;>10GeV
IK P5 P5-2 P5-1 P5-3 L 7519 m,=0.2

m(GeV) 100 100 115 120 125 003 [

M (GeV) 150 300 300 300 300 i e . ]
A(GeV) 0 300 300 300 300 I i
tang 2 2.1 2.1 2.1 2.1 0.02 n 7]
sgn(u ) - + + + + L ]
mz(GeV) 120.7 157.2 167.1 1706  174.2 001 H i
myo(GeV) 65.2 1215 1216 1216 1216 s ]
no(GeV) 1354  233.0 2332 2333 2333 I ’ ]
m{,r?aYGeV) 51.8 109.1 1116 1116 1111 0.00 0 0z 04 06 08 .
Al 0.368 0.336 0.496 0.565 0.646 Ag

) S FIG. 1. A; distribution for thex momentum (rxg, n;(g)z(l.g,
In this pape'r, we studynfge power of thg d'Str'b_Ut'on |r.1 0.2 without P'T cut (solid), and forP'T> 10 GeV(dashed Overall
the lowm,, region (m||~<m”~ /2)~to constrain the kinematics normajization is arbitrary. The upper histograms are without upper
of the cascade decayg—>||—>)(gll. We chose the points m; cut while the lower histograms are distributions with,
shown in Table I, but our method can be applied in generic<25 GeV.
MSSM studies. Unlike the common approach to immediately
go into full MC simulations, we first study the decay distri- gistribution would depend on the cuts and the distribution of

bution for fixed neutralino velocitylabeled by the boost ~g velocity introducing svstematical errors to the analvsis
factor y;0 and the pseudorapidity;0) T (A(y:9,770)).2 X2 y g sy . analysis.
Xp =T 7X2 T xg gl On the other hand, once a moderatg cut is applied, the
The distribution we observe in experiments is expresseq|ecay distribution becomes nearly independenPbfcuts
by convoluting the distribution with the velocity distribution (bottom histograms Here we integrate the region between

of x5, F(7,7), as follows: 12 Ge\<m, <25 GeV~m{®2. The distribution has a
peak atAT~Ag=0.368. The peak is outside the smal}

dg(AT)EJ' dydnF(y, )T (A+(v,7)) (6) region affected by th@'T cut. It is also clear from the plot

that the shoulder of the distribution withont, cut comes

the measured distribution is also affected by cutsggn ~ [Tom the events withm, <25 GeV. chtoe that cag
M, etc. However it is still useful to know how =0.86(0.44) form;=12(25) GeV in they, rest frame,
I'(A( Y30 17;3)) depends on the underlying mass parameters

and they3 velocity. IK point

In Fig. 1, we show theA; distribution with/without in- 020 ———— 7
variant mass cuts ar|€|'T cuts. Here we take the IK point and C 10GeV<m, <20GeV ]
yxg:l.g, n;gzo.z. The distribution is easily obtained by C i
numerical integration. 015 2_/

The distribution without uppem;; cut has some structure
aroundAr= 0.3 (top solid histogram but it is insignificant.
(Here we took the events withn;>12 GeV because large 10
backgrounds from virtual photons are expected foy
<12 GeV[11].) With the cutP}>10 GeV and the same

3;2 velocity, events wittA+<<0.1 are hardly accepted, and the s
distribution is roughly flat between 0<2A+<<0.3 (top dashed
histogram. When the lepton energy in th}g rest frame is
small, the acceptance efficiency of the events strongly de

0GeV<m, <10GeV

20GeV<m;<28.3GeV

ey
]

pends on the velocity of9, because of th®' cut. TheA; 0 0 04 N 06 08 !
FIG. 2. A; distribution under differentm; cuts. (ﬂgyn}g)
*The decay distributioi” depends ony and » through the Lor-  =(1.4, 0.3, and P_'T> 10 GeV for solid and dashed histogram,
entz boost of all momenta, which is implicitly shown Ag(y,7), ~ While the dotted histogram is foy;0=2.3 and7;0=0.2. Overall
or P'T(y, 7). normalization is arbitrary.

075009-3



MIHOKO M. NOJIRI, DAISUKE TOYA, AND TOMIO KOBAYASHI PHYSICAL REVIEW D 62 075009

point 5 (my=100GeV) point 5 (my=115GeV)

L I B B L B I
pr>10GeV, 7,=0, 7,=3.1 C pr>10GeV, nx=o, 7x=3'1

0.8 — — 05 —
10GeV<my<m,™™ B

0.4 —

10GeV<my<m,™*
50-m, ™

N (12-30)X5
1(12-30)x5 i
I |

0.2 —  (10-20)%5 7
1 = I
— - ppe ST
o Tg=ep
' ool ] il
L -2 Aelwiws 't == 1
PP B 3 S U I ke = U .
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 0.8 1
(a) Ar (b) A

FIG. 3. A7 distributions for different invariant mass cutyz;(g=3.1, B;g=0. The distribution for tightm;, cuts are scaled by a factor
of 5.

therefore the angle between the lepton and the antilepton in The distribution is more and more smeared out and peaks

the pair is rather small with thes, cut. .. at a lowerA for largerm; cuts. The dependence on th&
To put it differently, events aboven,*/2 are merely momentum is also bigger for the large,, sample;APreak

backgroundsto the A2 measurement. This is easily under- =0.26(0.24) for y=1.4(2.3) and 20 Ge¥m,

stood when we consider the lepton configuration neanthe <28 3 GeV.(Only the distribution for the former is shown

end point. The two leptons go in exactly opposite direction§y, ihe figure) The distribution is shifted to smallé¥; reduc-

and the asymmetry is modified maximally when one of theing the acceptance of tHé'T> 10 GeV cut. Some informa-

|ept|°£‘5| goes the direction of; momentum, A ion on the neutralino velocity distribution is therefore nec-
=ETVE; = Ag|m, —mrax (1= B)/(15 ), whereAg=0.29  ggsary to deduce the neutralino decay kinematics fromthe
andB=0.855 for Fig. 1. The lepton energy asymmetry in thedistribution while increasing then, cut in order to increase
laboratory frame can range from nearly O to 1 due to thehe statistics and remove virtual photon backgrounds. This
boost. will be discussed in detail in Sec. IV.

It is worth noting that theA; distribution peaks at a Note thatm™~50 GeV for IK, therefore requiringn,
smaller value oAAr as one increases tig cut. InFig. 2, we  —25 GeV reduces the number of events in the sample by

show distributions _With differenim, cuts, 0 Gew<m 1/4. The reward is a distribution which is less sensitivé}o
<10 GeV (solid thin, 10 Ge\xm; <20 GeV (dashedg,

20 GeV<m,<28.3 GeV (solid thick, for y-o=1.4 and Cuts and to thecd velocity distribution, and a simple corre-
. 1 X2 . . . i
70=0.2. The distribution has a sharp peak at a positiorsPoNndence to the quantity in th‘%r?St frame.
2 Finally we demonstrate sensitivity of the; distribution

. . 0 .
co‘relask|_stent with Ag for the sample withmy <10 GeV. ;e glepton mass. We first compare distributions with dif-
A¥=0.323 for the same neutralino velocity for 10 GeV forant slepton masses, P&n¢=100 GeV) and P5-2rf,

<m; <20 GeV(dashed histogranThis shift cannot be ex- _ 115 GeV in Figs. 3a) and 3b). Here we try a relatively

plained by A¢ deviation from A2(Az=0.363(0.354) for . . ~
m,=10(20) GeV, but it comes from the smearing Af large Yyg in order to have a substantial effect from tJ@%

distribution for the finite lepton angle. boost (y=3.1 »=0). Still, the distributions are clearly
The dotted histogram shows a distribution for a higherpeaked atA;~0.32 (P5 0.48 (P5-2 for events withm,
neutralino velocityy=2.3 and »=0.2 with 10 Ge\Km; <50 GeV, while the distribution withm;>50 GeV does
<20 GeV. The peak position is shifted very litl&2*®  not show any structure betweeA;=0.1-1. Note my
~0.321, therefore it may still be used to determine the decay-50 GeV roughly corresponds to half of/®* again.
kinematics! On the other hand, the distribution off the peak  |n Fig. 4, we compare distributions with differem,.
depends more on the neutralino velocity. Using the wholepeak positions shift from 0.3 to 0.63 as one changgdy
distribution introduces a dependence on Tﬂfgemomentum 25 GeV. If systematic errors are negligible akidis fixed,
distribution, and the fit would be more assumption depenthe sensitivity tomg would be dmy~1.6 GeV for SA
dent. =0.02(as will be found in Sec. I)l The peaks are consistent
with A2=0.33 (for my=100 GeV), 0.49 (for m,
=115 GeV) and 0.6%for my=125 GeV). In Sec. lll, we

“Peaks are determined by fitting the distribution near the peak to will find similar agreement for full MC simulation data, es-
polynomial fitting function. tablishing the correspondence.
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FIG. 4. At distributions for different slepton masses. Cuts are Nyg
12 Ge\m, <50 GeV,P;>10 GeV. (y,7)=(3.1,0). B
FIG. 5. (,7) distribution of x5 for point 5.
Ill. MONTE CARLO SIMULATIONS

We keep some lepton isolation cuts: less than 10 GeV
energy deposit within AR<0.2 (0.3 for IK) cone centered
on the lepton track; no jet within AR<<0.4 cone centered
gn a lepton track.

Note that we do not follow the isolation cut given in IK
58], again because they do not affect the signal distribution.

The acceptance of events turns out to be too high by a
factor of 32.5) for point 5IK) compared to a full analysis
including the jet related cuf{8,5,7]. This factor is taken into

A. IK (inclusive three lepton channe) [8] account when we interpret the fitting resltslo plot or fit
For this point,M ¢ and E cuts are not efficient because N this section contains SM background, while SUSY back-
ground is included.
In the previous section, we have already seen thaAthe

We are now ready to perform full MC simulations to
check the observations made in Sec. Il.

We uselSAJET 7.42[10] to generate SUSY events. The
generated events are analyzed by the simple detector sim
lator ATLFAST2.21 [12]. The cuts to remove the SM back-
grounds down to a negligible level have already been studie
in [5,8]; they are summarized as follows.

of the lightg. A third tagging lepton fromy$ or x; decay is

required. When three Ieptqns are in the same flavor,l the Paliistribution is somewhat dependent on the parent neutralino
of leptons with smalleAR is selected as a lepton pair can-

didate. v.elocllty (yxg, 77}3)- In Fig. 5, we show they;(g an.d 70 dis-

(i) Two opposite sign same flavor leptons wif, tribution for point IK. Here one can see tha;g is roughly

>15 GeV, _ o within | 7|=<1. The$ can be very relativisticy;o could be

(!!.) TE'rd taggm? Igptf)anLt)rPT; 1(‘;’ Sev, K withi much larger than 2. A modification of the; distribution due

AR(EEJ 3epton |sotat|o(rj1, (t)h T|> ; ? tkrf':lc dW't N"& {5 Lorentz boosts is expected unless samecut is applied.
~> cone centered on the fepton track, an The P distribution is shown in Fig. 6. Here we plot the

(iv) Er>200 GeV. distribution of the higherlower) of two lepton P+ for the
dotted(solid) line. The first(highep lepton P'T can be a few

B. Point 5[5] times higher than its most probable value, reflecting the ex-
(i) four jets withP;>100 GeV andPr; 3 4>50 GeV; istence of relativistigy$ in the signal sample.
(il) Me=Pr 1+ Py o+ Pr g+ Py 4+ E;>400 GeV; We now study the asymmetry distribution in Fig. 7. The
(i) Er>max(100 GeV,0.®¢); and plot for point IK [Fig. 7(a)] shows a smeared peak Af
(iv) Two isolated leptons witlP>10 GeV,|7|<2.5. ~0.36, but the peak is rather flat at the top. For poifiEfy.

Isolation is defined as less than 10 GeV energy deposit
within a AR<<0.2 cone centered on the lepton track.
We generate 2 10° events for each point. This roughly

corresponds to 5 i for IK, and 100 fb * for point 5. We SWe use the jet finding algorithm efrLFAST. The jet cone size is

P - . AR;<0.4. The jet finding algorithm requires 1. V of minimum
presgnt dls_trlbutl_ons without cuts B, jet P.T andiy. In ene]rg)(/) depos?tjsntr thz ciquztg?s;[eed, ji?léo?lz Ai;ai%.: 10 GeVu
previous simulation$5,7,8), the acceptance is roughly con- minimum total energy. A resulting cluster with energy more than 15
stant for all values ofn;, therefore those cuts are expected ey is called jet.

not to modify the lepton distributions substantially. Note that 61ne number of the selected events for the IK point is 7000 be-
substantial acceptance for events with<m[®/2 is crucial  tween 10 GeV to 20 GeV even for the small integrated luminosity
for using the information from thé\; distribution, as we of 5 fb~! [8]. Therefore, the systematic errors would be dominant
have seen in Sec. Il. for this point.
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FIG. 6. LeptonP+ distributions of the firsthigh) and the secondow) P+ leptons for:(a) IK and (b) point 5.
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FIG. 7. A; distribution for:(a) IK and (b) point 5 without uppem;, cut.
"o ol "o Point 5
. S 450 [
9 Point IK 8
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300 ~
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FIG. 8. A; distribution with a 100 (GeVA<mj <800 (GeVY cut.
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s <m;<14.14 GeV and findA;=0.3408=0.01. This num-

o of Point IK ber is obtained based on the MC data corresponding to only
g m2<100 5 fb~! of the integrated luminosity, although we do not im-
T pose the same cuts with IK. As we noted earlier, if cuts are

the same as those @], the total number of events would be
reduced by a factor of 2.5, but that would be easily compen-
wl sated by the accumulation of luminosities.

The peak position is smaller thah(E’:O.36 [defined in
Eqg. (5)]. However, theA; distribution for fixed neutralino
wl velocity (y,7)=(1.4,0.2) indeed peaks at 0.34 if 10 GeV
<m;<14.14 GeV, consistent with the full MC simulation.
It is not clear if such a lown;, region can be used for the fit
due to the large background expected in this regi@ee
Sec. IV in detaill However, the reproduction of the simple
estimations in Sec. Il is still impressive. As discussed earlier,

FIG. 9. A7 distribution for point IK:m; <10 GeV. the peak position does not depend strongly on neutralino
velocity when a tighim;, cut is imposed. Then; cut would

7(b)], the distribution has even less structure, especiallhe beneficial provided there are enough statistics and man-
whenmy>115 GeV. Although global fits of the distribu- ageable background.
tions must give us information on the neutralino decay kine- For point 5[Figs. 1Gb)—10(d)], we use the events for
matics, the power to constrain neutralino decay parameters) Ge\m;<28.3 GeV for the fit: A;=0.324+0.005,
would be limited if we try to analyze models without the 0.491+0.012, and 0.6750.018 formy,=100, 115 and 125
constraint between soft breaking parameters. GeV, respectively. Then, cut dependence is rather small;

In Fig. 8, we showA; distributions with m; cut, A% js 0.33, 0.49, and 0.65 respectively, already consistent
100 (GeVy<mj<800 (GeVy. We find a narrower peak with the fit® Recall again that our simulation does not in-
for point IK compared to the case without invariant mass cutclude jet related cuts. The total number of events is a factor
For point 5, improvement of the signal distribution comparedof 3 too large for those with the full cut. The error under the
to Fig. 7 is clear. The peak position moves rightragis  full cut for 100 fb ! integrated luminosity is 0.009, 0.02,
increased, and it is consistent with Fig. 4. Note that for pointand 0.03 for points 5, 5-2, and 5-4, respectively, assuming
5 (IK), mﬁ<800 (GeVY corresponds to c#=0.72(0.29).  statistical scaling.
The angle between the two leptons is smaller for point 5,
which explains the substantial improvement for point 5.

In Fig. 9, we show the distribution of the events with V- MODEL INDEPENDENT MASS DETERMINATION
m; <10 GeV for point IK. The peak is now nearly func-
tion like, and it agrees witA2 . Unfortunately, one would
not be able to use this information to measi& directly.
There could be a significant background for the events belo
m; <12 GeV as recently discussed[itl]. (See discussion
in Sec. IV for details.

We now fit the MC data to a phenomenological fitting
function to determine the peak positions and the associat
errors. The fitting function is chosen as follows:

100

60 -

206

I 1 I 1 I
]
0 a1 02 0.3 0.4 0.5 Q.6 0.7 08 0.9 1

The second lightest neutralino might arise from squark

and gluino decays at hadron colliders, therefore}ﬁe/e—
locity distribution should depend omg andmg. One may,
ih principle, fit the whole distribution to determine model
parameters completely, but various systematic errors could
prevent a complete understanding of the event structure. We
ish to stay with the distribution which is less model depen-
nt and free of systematics. Invariant mass distributions are
a well established candidate for such a distribution. In the
previous sections we argued that the peak position oRAthe

2
O) ) for A<A,, distribution can be almost independent of th& velocity

R distribution if certain cuts are applied an, .
In this section, we will find that the remaining minqr;(g,

70 distribution dependence may be removed by looking into

where parameter&,, f, Ny, ando are determined by mini- the first leptonP+ distribu~tion. In Fig. 11a), we show theAr
mizing x? using the progranminuIT.’ distributions for differenfy3 velocity. We took point IK and
Results of these fits are shown in Fig. 10. For [IKig. 12 Ge\<m; <25 GeV, therefore the distribution is some-
10(a)] we fit the A; distribution of events with 10 GeVv what dependent on the neutralino velocity, especially when
7;9 is small. Af*®shifts from 0.31 to 0.29 between the rep-

N(A)=Noex;{—0.5><

N(A)=Ng exp(—f(A—Ay)) for A>A,,

"Here we take a completely phenomenological assumption for the
fitting function, however it is much better to use the fitting function ®Note that the peak positions are at larggrcompared to Fig. 4.
based on the neutralino velocity distribution calibrated by the firstThis is because we select the events betgy 28.3 GeV for Fig.
lepton P'T distribution. See Sec. IV. 8, while it ism; <50 GeV in Fig. 4.
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FIG. 10. Fits to the MC data using the fitting function(@) IK, (b) point 5, (c) point 5-2, and(d) point 5-4.

resenta‘give_ ne_utralino velocity. In the same ﬁgure we also The %3 velocity distribution strongly affects the hardest
show distributions formy=117.68 GeV. In this case the lepton P distribution, as one can see in Fig.()L Here the

; . three distributions corresponding to Fig.(alhave totall
slightly stronger than for the IK point. Although the peak different P}, end points Wg can igmaginegtéa)tlthe system);tics
position itself does not depend too much on the velocity, this™ . f T h t. i locity d q id b
certainly suggests some systematics would come into the froming _rom e neu.ramcl) v_e O?' y_ epeh ence V\_/OU €
to the decay parameters. substantially reduced if thE; distribution is included in the

IK point (mj=120.68GeV) first lepton pq

1.25_|||||||||||||||||\

] e
hist my=117.68GeV b [ -
r (7=3.5, n=1.3, A,y =0.37) ] r i
100 [(35, 1.3, 0.29) _ hist dotted: (1.1, 0.2, 0.42) ] 0.06 -

0.75 —

025 —

(a) ' ' (b) PA{GeV]

FIG. 11. (a) Ay and (b) P! distributions for differenty$ velocity (y,7)=(1.1,0.2),(2.2,1, and (3.5,1.3) AP**of each distribution is
also indicated in the figure. We also show the histograrmfpe 117.68 GeV in(a) for comparison.
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IK point first lepton pq
L BN IR BN UM 010 ]
005 pr>10GeV, 25 GeV>m,>12 Gev—| L B =15 ]
r ‘2'5“’::12 1 oo am)=(1.1,02) (12.1) 27.2) -
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FIG. 12. A7 and P'T distributions for different neutralino velocities but the same transverse boost BgtoBolid histogram is for
(v,7)=(1.1,0.2) while bar graphs are foy(n)=(1.2,1) and (2.7,2). Errors of numerical integrations are shown as bar size. Two bars in
the same bin almost coincide. A distribution with a different transverse boost factor is shown by the dotted histogram.

fit as well. The P'T and Ay distributions of leptons are very similar as
The A; and P'T distributions can be expressed as convo-one can see in Figs. @ and 12Zb).
lutions of the neutralino velocity distribution and neutralino  This observation is based on a numerical integration
decay distributions as follows: which now takes into account the cuf;|<2.5, in addition
to 12 GeV<m, <25 GeV, and the®,>10 GeV cut. The
_ _ _ effect of the, cut turns out to be very small. We checked
U(AT):J dﬂgan(z)F(Txg’nXg)XF(AT(VXg’nX(z)))’ numerically that the distributions with commoR) end
(8)  points are roughly the same with these cuts. On the other
hand, theA; distribution has significanB; dependence as
| | one can see from the distributions 8= 1.7 (dotted histo-
o( PT):J dyyed a730F (730, 730) X T (P3(730, 739))- grams. This suggests that one only has to know thedis-
9 tribution, which could be reconstructed from tﬁé distribu-
tion. Schematically, one can write
The neutralino velocity distributioR (y, ») depends on par-
ent sparticle masses, while the decay distributions in the
laboratory framd" (A7) andI'(P') depend ommye, my0 and U(AT)ZJ dBrF(Br) XTI (Ar(Br(7.7))), (1)
m; implicitly. Various cuts would be applied to experimental
samples of events, therefore these equations are rather sche-
matic. Note that the two distributions have a different neu-
tralino velocity dependence. The;g and Y0 dependence

tend to cancel ilA;(y, ), while the transverse momentum
in the laboratory frameP'T(y,n) keeps increasing withy.
Hence a measurement of ti® distribution must be very
useful for correcting the minor dependence of fedistri-
bution on 70 and 730

The parent neutralino velocity can be decomposed into %y
boost yr from the}g rest frame transverse to the beam di-

rection, followed by a boosy, in the beam direction. When determineno, m~o, andmy. As we have seen in the previ-
we assume uniform neutralino decay, the and P} distri- o' X

i o i . o : peak
butions depend on the; distribution while the latter distri- ©OUS SECUONSAT erendsegkn then cut, but we assume the
bution has no effect on them. This can be seen in Fige) 12 Statistical uncertainty oAR**can be translated into that of
and 12b). We show threeA; and F,|T distributions for}g Ag; i.e., we assume that the correlation caused by only using

(vo,77)=(1.1,0.2), (1.2,1) and (2.7,2). The three pointsevems within a finite range afy; values would be small.
have a common feature B We take the IK point as an example; the point is interest-

ing because both the edge of timg distribution due to the
two body cascade decays?”® and the end point of the

—————=15. (10)  three body decay3—11x%, m3*°Y can be seenSee Fig.
Eii(aty; resh 13) This is because the right handed slepton-lepton-wimo

o(Ph) = f dBF (B XT(PYBr(ny). (12

I'(A+(B7)), and I'(P\(By)) are implicit functions of
gaugino and slepton masses, and one can fit to experimental
data to obtain those mass parameters in additioR (8y).

Of course, one must also study the effectfgf, M, and

P+; cuts and detailed MC simulations are necessary.

Given the indication that the dependence onfeeloc-
distribution can be corrected directly from tig distri-
bution, we now use the error o2**andm, end points to

P
Br(y,7)= .
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FIG. 13. Them; distribution for point IK.

Higgsing coupling is (essentially zero, therefore the two
body decay coupling is suppressed. The measurements
maPeY A% and mdPod= myo— Mo are potentially suffi-

cient to determine all sparticle masses involved in e
cascade decay.
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Here,A2, 5A2 andm;, =m?™¥ and smZ*°¥ are “data” and

the error, WhiIeAg andm), are functions of the gaugino and
slepton masses. The resultingy?=1,4,9,... contours
roughly correspond to &,20,30, ... errors on the param-
eters. The errors omy andm;(clJ could be on the order of 1%

or less, consistent with the previous fits[i]. Note, how-
ever, that they did not identify the origin of the peak struc-
ture and used thehole A; distribution for the fit. As we
have stressed, this fit will depend on assumptions about par-
ent squark and gluino masses, while our fit relies solely on
the peak position, directly constrainimg;rl), o andny .

For the IK point, one can also determima:"°®. The
errors on the masses under the three constraints would be
substantially larger than those shown in Fig.(stvherern;(g

is fixed). This is due to correlations between the constraints.
This can be seen in Fig. 15, Whem;g andmy are shown as

functions ofm? *°% for fixed values ofA2 andm?™%. Even
in the limit whereA2 andm3 "% are known exactly, an error
gp mi2°Y on the order of 1 GeV would result in 5 GeV
errors onnmo andnmy .

Assuming an error omj *°¥, smji**¥=1 GeV? myo,
e, andmy are constrained within-+8 GeV, without as-

In order to demonstrate the importance of the measuresuming any relation between gaugino and slepton masses.

ment of A;, we first show the expected constraints ron
and o when o is fixed. Note that the statistics could be

0O(10) times larger than those given in Figs.(d0and 14,
once [dt£=100 fo ! is accumulated. It is expected that

errors are dominated by the systematical ones for such hig}g\S

luminosity. We assume thaA; and m?*°¥ are measured

within errors of 0.007 and 0.5 GeV, respectivéRig. 14).
Ax? is defined as

121.0

120.5

120.0

m;[GeV]

119.5

119.0

66
mg, [GeV]

[=))
(=]

FIG. 14. Contours of constanty?=1,4,9 for the IK point. We
set sm;o=0, smj; ¥ 0.5 GeV, andsAZ=0.007. Only the con-

tours near the input value are shown.

The error is large compared to those expected from LC ex-
periments, however it still makes an impressive case where
sparticle masses are determined without relying on model
assumptions’
Note that themz /my, ratio would be constrained strongly.
suming 8A;<0.007, Mg, ,<0.5 GeV, &mj°oY
=4 GeV, we obtains(mg/my;) = 2.5% forA x?<1, and 7%
for Ax?<9.

Several comments are in order. The background in the
region m;<m{'® must be studied carefully. For example,
SMttll production could be important in the low, region.

The full amplitude study ottll or other production pro-
cesses is necessary to determine the laweicut. Note that
full amplitude level studies of¥Wy* production have been

performed for the background process gfx; —3l, and
large background was found in the; <10 GeV region
[11]. It has also been pointed out th¥t production is an
important source of background whem; <12 GeV. How-
ever it is unlikely that the background distribution has a peak
at Ar>0. A peak of the signal distribution may be observed

%0Our assumptions of the errors fio; end points are substantially
conservative for those found in literatur®,7].

For point 5, end points ofn , My, My distributions in addi-
tion to the lower end point afy, distribution wherm;, >mj'#72 is
required to determinm;(g mass within théd(10%) model indepen-
dently[7].
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precisely on the top of such backgrounds, especially wher
signal rates are high enough to allow precision studies. Be-
sides, one only needs to requirg <m;?/2 to see structure

in the A distribution. The peak position that may deviate
from A2 could be corrected from the! distribution in an
almost model independent way.

Recently, it was pointed out if¥] that one can obtain the
same information by taking the ratio of the end points of the
invariant masses of jets and leptsn Their analysis was
carried out for point 5. The dominant cascade decay proces
is g—x3q followed by x5—Tl;, andT—X2l,. Jets from
squark decays are substantially harder than the other jets, ars
can be identified. A correct set of a jet and a lepton pair‘g
originating from a squark decay is then selected by requiring &
that m;;; <600 GeV for one of the two hardest jetsand
my;»>600 GeV for the other jej’. The end points of the
invariant mass distributiom|1q and my,1,q are expressed as

simple analytical functions ofig, my, m;((l)(z). One can re-
construct them, 4 end point by choosing the combination of ~ FIG: 15. Mg andmy as the function ofnj

the first lepton and the jét. andmj **¥=51.9 GeV.
Although each end point is 10%—4% smaller than expec-
tation depending on jet definition, the ratio to observe two peaks in the; distribution, A{" and A?),
corresponding to the two decay chains. By comparig

distributions for my=m (low)/2 and m(low)/2<m

<my (high)/2, one should be able to determine proper sets of
the m;; edge and the peak, because the peak%&t can be
hardly observed fom,>m; (low)/2, while the peak aA{?)

can still be seen. Note that there are four parameters for four
constraints in this case, therefore one can in principle solve
for all mass parameters.

IK point

160

A=0.37, m2*°¥=51.9GeV

140

—_
>
[}
=
2]
L 130
2]
[0}
g

e

110

100

68 69 70

my¥[GeV]

71 72

3bodY \when A2=0.37

agrees with the expectatidh.The fitted value ranges from
0.87 (AR=0.4 for jet definition to 0.877 AR=0.7) while
the expectation is 0.868. The range correspondsA@o
=0.321-0.30 while the expectation is 0.327. Our fit gives
Ap=0.324+0.009 for the same point. The comparison of
systematics might be an interesting topic for future studies. The second lightest neutraliﬁ@ would be copiously pro-
Our AP**analysis may be performed even if jets and leptongyced fromg andg decays at the LHC, ang}'¥2 produc-
in the same cascade decay chain cannot be identified, thergs, is an important mode for the Tevatron. In this paper, we
fore It can b? applle_d in a wider context. . . have studied the distribution of th®| asymmetry, A
ltlso alfo mteriaitmg to reconstruct the kinematics when_ Psz/ P'Tl, of the lepton-antilepton pair that arises from the
both x5— gl andx,— 1| are open and the branching ratios cascade decayy—Tl—xSIl. We have found that thé\;

are of the same order. In addition to the two edges ofithe .~ = " h | K : .
distribution m{"®{low) and m{["®{high), one should be able d'St.”bu.tlon shows a clear peak structure in a\{v!de parameter
I I ’ region if m; <m{®J2 is required. The peak position is insen-

sitive to the parenj3 velocity distribution, and in the limit
of m;~0, it is understood a&\?, the ratio of lepton and

antilepton energy in the rest frame gf. The ratioA? is a

V. DISCUSSION

!Note that the efficient selection of the first lepton foy, distri-
bution relies on large lepton energy asymmetry. HoweveAas

—1, the end points ofn,lj and my; tend to coincide, therefore it
may not be a problem.
My /Myg= /(M — m;(g)/

2When  mi—mio>mio—
X1 X2
VMg~ M-

*Another potential problem of the analysis ] is that ny
- mﬂ‘jaxz 145 GeV is almost as small aB;(flJ=122 GeV, because
the end point of then; distribution requires thg? from the decay
chain to be very nonrelativistic in the rest frame. This should
reduceEr toward the end point. In general ta,; andm; end

2
my,

simple function ofm;(g, m; and nmo.

We have also performed MC simulations for several rep-
resentative points. Values of the peak position obtained by
fitting MC data agree with those fﬁ@ with typical velocity.
This follows from the insensitivity of thé\; distribution to
the parent neutralino velocity. The typical velocity could be
estimated easily by using the hardest lepBandistribution.
Therefore theA; peak can be used to constrah;(g, m; and

e By using the edge of thm,, distribution in addition to

points correspond to different kinematical configurations; attentiofn€ At distribution, one can determine two degrees of free-

must be paid to the consequence for relative efficiencies.

dom of the three mass parameters involved ingheascade

075009-11



MIHOKO M. NOJIRI, DAISUKE TOYA, AND TOMIO KOBAYASHI PHYSICAL REVIEW D 62 075009

decay. When the end point of tha, distribution of the three  the one presented in this paper. Howevemﬁ“ax is small
body decayy>— xJIl can be measured simultaneously, one(which is likely due to the lower bound amy of nearly 100

can determinall the mass parameters describjpcascade Ge\ﬁ)q,axthe number of events that satisfy 12 Gew,
decays. The analysis is entirely based on lepton distributions:mji~ /2 would be small, where the lowen, cut is needed
and does not rely on jet energy measurements. to avoid y* andY backgrounds.

The reconstruction of thgd momentum distribution is of ~ The branching ratio of the modg—TI could be small if
some importance for our analysis. The hardest lef@gn  other modes such ugs—Z,h... dominate. The decay3
distribution should allow us to study thg) velocity distri-  —77 may be the only two body decay channel accessible in

bution independently from thg,g mass determination. In the MSUGRA model due te mixing. The analysis would be
fact, the measurement of this distribution may allow one tosubstantially more difficult for this case, asdecays further
constrain the kinematics of squark and gluino production. into a jet or a leptorf15]. Selecting twor leptons which go

The fit proposed in this paper is reasonably model inderoughly into the same directiotsmall AR) should effec-
pendent compared to the previous fits using the emire tively work as anm_, cut in our analysis. However, th&;
distribution withoutm,, cuts. It is amazing to see that the distribution of ther jet would be substantially smeared by
distribution keeps the information on the cascade decay kithe = decay.
nematics.(Compare Figs. 7 and 10The analysis can be ~ When all two body decay modes are closed, the decay
extended to all cascade decays involving leptons, such as t® 79| often has a sizable branching ratio. The precision
gauge mediated scenario with the NLSP sledi8]. The g,y of the three body decay distribution has been discussed
determination of thé\r peak position is not disturbed even i, [16) The m; distribution and theA; distribution in the
in Fhe case where several sleptons contribute to signal leptag}, o m, region would give us information on neutralino
pairs. . . . mixing and onm; .

Note that model independent constraints on weakly inter- | Id be i LR heck if Vs b
acting sparticle masses may be used to directly constrain the t would be interesting to check If our analysis can be
relic mass density of LSPs in our universe. The density o]extended to o'Fher cascade decgys involving Ehotons or jets
such Big Bang relics is roughly proportional to the inverse of(6]- Note that in the gauge mediated model wjtfi NLSP,
the pair annihilation cross section of the lightest neutralinothe decay chair}}g%}‘fll may be associated with a photon

In the MSUGRA model, k¥~ m?/m;z(cf in the bino dominant  from ¥9— Gy [13]. Cascade decays involving a jet and a

limit [14]. If the overall sparticle scale is constrained within /€Pton or two jets may also be used for an asymmetry analy-
10%, an upper bound on the mass density could be derivedS: but _selectlng the proper combination of jets would be
within 20%. The improved determination of SUSY param- challenging.
eters at the LHC combined with improved astronomical ob-

servations might significantly constrain the remaining

MSSM parameters.

In this paper, we did not perform any MC simulation for e thank H. Baer and M. Drees for discussions. We also
Tevatron experiments. There the cleanest discovery proceggank M. Drees for careful reading of the manuscript. M.N.
is the three leptons and missiitg channel of;(l*;(g produc-  wishes to thank the ITP, Santa Barbara for its support during
tion and decay. It is possible to perform a parallel analysis tgart of this work(NSF Grant No. PHY94-07194
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