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We show that CERN LHC experiments might well be able to determine all the parameters required for a
prediction of the present density of thermal LSP relics from the big bang era. If the LSP is an aimdtipaire
we usually only need to determine its mass and the mass oBt{(@) singlet sleptons. This information
can be obtained by reconstructing the cascadesx3q—1rlg—x21*17q. The only requirement is that
7 <m0, which is true for most of the cosmologically interesting parameter space. If the LSP has a signifi-
cant Higgsino component, its predicted thermal relic density is smaller than for an equaB+massVe show
that in this case squark decays also produce significant numbﬁﬁmfd}f . Reconstructing the correspond-
ing decay cascades then allows us to determine the Higgsino component of the LSP.
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[. INTRODUCTION interesting to determine
(1) the actual LSP relic density, both “locally(in the
The minimal supersymmetric standard mod¢5SM) [1]  solar systemand averaged over the Universe; and

is one of the most promising extensions of the standard (2) the predicted thermal LSP relic density,
model. It offers a natural solution of the hierarchy problemas precisely as possible. These quantities are closely related
[2], amazing gauge coupling unificati8], and dark matter to the mass and interactions of the LSP. A positive difference
candidate$4]. If nature chooses low energy supersymmetrybetween the actual and predicted LSP density would indicate
(SUSY), sparticles will be foundor sure as they will be the existence of non-thermal relics, whereas a negative dif-
copiously produced at future colliders such as the Largderence would hint at large entropy production below the
Hadron Collider(LHC) at CERN or TeV scale™e™ linear  LSP freeze-out temperatufe.g. due to a low reheating tem-
colliders (LC). The LHC would be a great discovery ma- perature.
chine if SUSY breaking masses lie below a few T|&{. On The matter density in the Universe divided by the critical
the other hand, there are several on-going and future projecéensity,Q .uer IS claimed to be tightly constrained already;
searching for lightest supersymmetric partileSP) dark  Qpage~0.3520.07 [12]. On the other hand, the thermal
matter. One of them even claims a positive sigil al-  relic density of the UniverseQ;(cIth (h=0.65+0.05) has

though the current situation is rather contradicafly Inany  peen calculated through the mass and interaction of the LSP,

case, it seems very plqusible thqt both SL."SY collider .Signalﬁlhich is likely to be the lightest neutraliriﬂ. In the absence
ERSrIe_SP dark matter in the Universe will be found in theof direct production of sparticles we have to rely on experi-
) ental lower bounds on sparticle masses as well as natural-

Recently interesting possibilities have been pointed ou ; o
where non-thermal production of dark matter is significant ess arguments to conclude that the predldﬁgplh lies

[8,9]. Generally the known bound from the thermal LSP den-somewhere between 18 and 16; clearly this is not a very
sity may easily be evaded by assuming a low postuseful predlcnc_)n, although it is encouraging that this Wlde.
inflationary reheating temperature of the Universe, withouf@nge at least includes the correct value. The purpose of this
endangering the standard successes of big bang cosmoloB§Per is to discuss how future LHC experiments can contrib-
[10]. If the reheating temperature is below the neutralinoute to the determination of the MSSM parameters that are
decoupling temperature, the relation between neutralino pafteéeded to predict the thermal LSP relic density and the LSP-
annihilation rates and the mass density of the Universe dig?Ucleon scattering cross section. Our goal is thus somewhat
appears. The mass may then be determined by other paraghfferent from that of Ref[13], where it was simply assumed
eters, such as ﬂ‘@ ball formation rate and decay t”"ﬁg]’ or that all relevant parameters had somehow been determined
the moduli masses and their decay rates to LiBPs by various experiments, with given errors; the main empha-
While these non-thermal mechanisms open excitingSiS was on estimating the resulting uncertainties in the pre-
new possibilities, direct experimental or observational testélictions of the thermal LSP relic density and the LSP-

of them might be difficult, since they all have to occur be-nucleon scattering cross section. In contrast, we discuss in
fore big bang nucleosynthesiéBBN)." It is therefore ~some detailhow these parameters can be determined, and

with what errors.
The determination of mass parameters has been discussed
IFor the Q ball case, measurements of the cosmic microwave detail in the minimal supergraviyMSUGRA) model,
background by the Microwave Anisotropy ProdéAP) and Planck ~ Where one assumes universality of scalar masses and of
satellites might find isocurvature fluctuations due to the Affleck-gaugino masses at thef”‘?( of grand unificatior{14]. In
Dine field[11]. Sec. I, we point out th@eg—>eR is open for most parameters
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giving a reasonable LSP density, making the determinatiomxcept near regions of parameter space where special care is
of M0, Mo and Me possible at the LHC. We demonstrate needed. Herél ,=1.22x 10*° GeV is the Planck mass, and
that the mass density is determined by the LSP and S|eptcﬁl:| andb are the first two coefficients in the Taylor expansion
masses, if the LSP is mostly 8-ino as expected in of the pair annihilation cross section of the LSP with respect
MSUGRA. In this casd);o can be predicted to about 10 to to the relative velocity of the LSP pair in its center of mass
20% accuracy. ' frame.g* is the effective number of relativistic degrees of
In Secs. Il and IV we discuss a non-MSUGRA scenario.fféedom at LSP freeze-out temperatlige. The expansion in
In Sec. Ill we relax the assumption of universal scalarv breaks down arouns-channel poles; here the thermal av-
masses for Higgs bosons. It is then easy to find case8age is calculated numerically, using the formalism given
with comparable Higgsino and gaugino massgsy M, by Griest and Seckdll7]. We also take into account sub-
while keeping all squared scalar masses positivd at The  threshold annihilation intbhh andW" W™ final states. When
LSP then has a significant Higgsino component, so that itshe LSP is Higgsino-like, coannihilation &[fl) with }(f and

density cannot be predicted by only studyiR§—~ex—x? 2 are important[18,19. The annihilation mode§(%x;
decays. The situation is further complicated if we also reIax_)H, and ¥9%%— ff are approximated bg-channelW and
the assumption of universal gaugino masses, since the X1X2 . ~EB+ i ¥ .
neutralino mass matrix then depends on three independerf, exchange, respectively; x; —Wy is also included. All
unknown mass parameters. We point out that the cascadéher Higgsino coannihilation modes are treated assuming
decayy; — v —x; can then often be identified, providing SU(2) invariance. We also include one loop radiative cor-
clear evidence thai~M. In Sec. IV we present a detailed "ections to the mass splitting of Higgsino-like sta26]. We
case study withu~M, to confirm the potential of LHC do not includex‘fr coannihilation, since we do not study

experiments to analyzg, cascade decays; this allows a cases withmyo=nr..

complete determination of the neutralino mass mdirixhe MSUGRA predicts aB-ino-like LSP %? and W-ino-
absence ofCP-violating phases Section V is devoted to
discussions.

like x5 andx3 for moderate values ofn and M (below

~500 Ge\j. This is a rather model independent result
[21]. Large positive corrections to squark masses from
gaugino loops, together with the large top Yukawa coupling,

In the minimal supergravity model one assumes universdirive the squared soft breaking Higgs boson magsiega-
soft breaking parameters at the grand unified thé@yT)  tive at the weak scale. On the other hand, correct symmetry
scale: a universal scalar mass universal gaugino madd,  breaking requiresmz+ u?>—m2/2. One has to make
universal trilinear coupling\, and Higgs boson mass param- large to obtain the correct electroweak symmetry breaking
eterB. The renormalization group evolution of soft breaking scale, if scalar masses and gaugino masses are of the same
squared Higgs boson masses then leads to consistent breakder.
ing of the electroweak symmetry, provided the Higgsino If slepton masses are moderate, the LSB-iso-like, and
mass parameter can be tuned independently. In this paper,one is sufficiently far away frorms-channel poles (mg(g

we chose the weak scale input parameter{my)=4.2  »m, m,..J, the mass density is essentially determined by
lGeVI, m‘(mt)__|165 GeV, a?d t‘?‘ﬁ' We n]r:}% theh'trﬁe t-channeleg exchangd19]. This is because
evel potential at renormalization scal@=ymm, whic (1) A pureB-ino couples only to fermion and sfermion, or

reproduces the correct value pf obtained by minimizing  Higgs and Hiaasino. Higasino exchange is suppressed for
the full 1-loop effective potential. We include loop correc- 2%>gM2_ 99 - g g PP

tions to the masses of neutral Higgs bosons, including lead- . ~
ing two-loop correctiong15]. (2) me <mg =m;<mg in MSUGRA, thereforee ex-

The mass densit§);oh? of the LSP is calculated from Cchange is least suppressed by large masses in the propagator.
! (3) The hypercharges of sleptons satisfy the relatfgn

1. Q;(g IN MSUGRA

the pair annihilation cross section by using the expressions

[16] =2Yg,, thereforeo(eg)v =160(e_ or v )v when sfermion
masses are equal.

e 1.07x 10°/ Ge Vg This can be seen in Figs(a—(d), whereﬂ;(flJ (a, b and

yoh”= Vg, Mp(a+3b/xe) b=10° GeVZXQ;(thO'E (c,d) are plotted. Hererg is the

scaledB-ino pair annihilation cross section in the limit where

0'(;(({5(2—>a||)v:a+ bv? rTreR<mél_’nTa [19],

XF(Em}ngF)

2 2 2 4
Mo Mo Mo
- LT ) AR I -
_ oR=m———— — )
N (0.764\/|p(a+6b/XF)C(2+C)mX(1J) B (mg +mgo)2 2+ mi (mg +mgo)2
=109 1) er X1 er X1 er X1
VO XE (2)
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FIG. 1. Contours of constatﬂ;gh2 (a,b andb factor (c,d) in the (m, M) plane for tan3=10 (a,0 and 4(b,d). We takeu>0. Contours
of constantmso, as well as contours where;(<1>= ne,, and myo=nT,_are also shown.

We find that the mass density increases with increasing We now show that analyses of sparticle production at the
Meocmio and m; m is essentially proportional ta, for  LHC would lead to tight constraints on the predicted thermal
m=M. Dotted lines are for constant, mass. The fact that relic densityﬂ;ghz. Recently, quite a few studies of preci-

it basically only depends oM indicates that the LSP is sjon measurements of sparticle masses at the LHC have been
indeedB-ino-like. The mass density becomes very small forperformed. When the cascade deoﬁy»;(gﬂé,qﬂ;(g is

mX?—m%/Z, because LSE pair annihilation throughex- open, a clean SUSY signal Is+ jets+ missingE+. It was
change is enhanced. In Figicl and Xd) we show contours  ghqwn[14] thatn, mso, m_ andno can be reconstructed
of constantb. Although Q;ghz changes by more than a fac- ¢ 2. "R ! o
. . rom the upper end points of the;;; andm;, distributions,

tor of 4, the change df is very small over the wide range of .. max. we L max.
parameter region wittM>160 GeV, again confirming the i~ andm;= the edge of them distribution, m;™; and
B-ino-like nature of the LSP for the MSUGRA case. the lower end point of them, distribution with my

The tan8 dependence is also very weak, as can be>Mi~/y2, mii". Herej refers to one of the two hardest jets
seen in Figs. @) and(b). This again shows that the LSP is in the event. In most cases it is chosen such that it has the
B-ino dominant, and3-ino—Higgsino mixing, which is con- smallerjll invariant mass; this is meant to select the jet from
trolled by the off-diagonal elements of the neutralino masshe primaryaﬁ}gq decay. Howeverm}“”i“ is reconstructed
matrix, has n_egligi_ble effect on the LSP relic degsity for theby taking the jet which gives the largdi invariant mass, in
parameters given in the plot. For sufficiently heagy 039 order to avoid contamination. Those end points are given by

is simply determined bynéR and Mo so thatb~1. the analytical formulagl4]:

035008-3



MANUEL DREES et al. PHYSICAL REVIEW D 63 035008

Qxh2 (A=0,m=100GeV b factor(A=0, m=100 GeV)
L) L) I T L) T L} b‘4| L} L} L} L} L} L) L) L) L) | L) L) L) L} | L} L} T L}

5
(\

300

M[GeV]
||||||
[\%]
NPT PR B A A
M[GeV]

200[—
[ 0.1
T e N B B B N N N B
5 10 15 20 5 10 15 20
tanf3 tanf}
(@ (b)

FIG. 2. Q;ghz and theb factor in the (tarB,M) plane for fixedm.
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In addition to those quantities, one can measure the end mﬁliﬁtof the distribution of the smaller of the twa;, values.
It can be expressed as

2 2 2 2
(me —m=o) (Mg _— o)
min e X2 R o 2 2 2
i = 5 5 if 2mZ —(Mo+ M=) <0
2ms —m-<o R X1 X2
er X1
2 2 2 2
(M —meo)(Mro— My )
ac X2' Xz er 2 2 2
= if 2m; —(m=o+m~0)>0 (4)
2 eR X
M~o 1 2
X2
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Because there are only four masses involved, the last end M;=0.4M, M,=0.8M
point is redundant, but might be useful to cross check the
decay kinematics.

In Egs.(3),(4) we are assuming that squarks are basically
degenerate. Note that essentially only left-handed squarks
will contribute here, sinc&U(2) singlet squarks very rarely

decay into}g. Barring “accidental” cancellations, bounds ) ) , 5
on flavor changing neutral current processes imply that mg =m~+0.1M —sir? §ym3 cos 28, 5
squarks with equal gauge quantum numbers must be close in

mass. The mass splitting between andd, squarks is lim-
ited by SU(2) invariance. With the possible exception o ~
third generation squarks the assumed degeneracy therefaiteat the two edges can be observed separately eved if

holds al_most mode_l-independently. If req_uired, contribution_s_;éL is not strongly phase space suppressed. It might also be
from third generation squarks can be filtered out by antipssgiple to find evidence for light left-handed sleptons by

taggingb-jets. . . looking into the relative strengths of different SUSY signals.

Similarly, in our analysis we are assuming that sleptons o £ 393 T is open vyt e or is also open and domi-
the first two generations are degenerate if they have the samn%ﬁ ieLIdinL reI:tive’f(llar éﬂ , Eamdl 1 ’psi nals com-
gauge quantum numbefse. my =my, andmg_ =my . but Y 9 ylarg 9

. . pared to thd "1~ signal.
Mg, # Mg, in general, as indicated by the absence of flavor =t \ye assume bottom Yukawa corrections are negligible

changing neutral currents in the lepton sector. This hypothand squared scalar masses are positive at the GUT scale, the
esis can ea_zlly_be tested from the data, by comparing thgseudoscalar Higgs boson masg is bounded from below
e’e” and u”u~ samples. Note that the masses of th'rdasm,i>,u2+m~i [22]. Under theB-ino dominant assumption,

generation sleptons do not enter the kinematical fit, Sinc%nd for moderate value of t@) neutralino annihilation
electrons and muons that come framdecays do not con- hrough s-channel poles can thus not be important. On the

tribute to the edges that we are trying to determine; indee ther hand, for large taf the pseudoscalar Higgs boson can
they are frequently too soft to pass the acceptance cuts. be light enough to achiever-o~m,/2 [22,19. However, in
1

For the example studied iri4], the so-called “point 5,” X1 o~ .
m=100 GeV andVl =300 GeV, which results imyo=233 MSUGRA large tarB also implies a rather light;, which
2 greatly depletes thé*|~ signal [23]; the observation of

GeV, méR:157'2 GeV andn;2:121.5 GeV. The errors on strong multi-lepton signals would thus already indicate that
mg,, andmo are strongly correlated and are found to be 12%tang is not very large. This conclusion remains valid in all
for myo and 9% fOITTTeR- Within the framework of MSUGRA models where sleptons with identical gauge quantum num-

the measured LSP mass excludes the possibility thaltfl.erlf havle n[ljorte OT Iestf] t?? s?me sofr:jpre?i[tkmgdmzi_ss atfsome
s-channel poles are important for the LSP pair annihilation igh scale. Note also that for large tArdirect production o

cross sectionsee below. We find that the corresponding '€ heavy neutral Higgs bosons from gluon fusion and/or in
1

parameter point is 20%. If the err@which is dominated by Higgs bosons at the LHC fan, up to several hundred GeVv

systematics associated with uncertainties of signal distribu[-24]' We.W'" come back to the importance of determining
.M, later in Sec. lll.

tlon_s) is reduced by aNdetalled study of various signal distri- In Figs. 1 and 2, we only looked into the parameter space
butions, the error org may go down below 10%. ith d M I | f dM. If M
Figure 1 also contains contours whengo=nw_ and with mo er_ate( natural”) values ofm and M. I m=M,
4 2 °R_ solutions withu~M may be obtained19,25, and the as-
mo=ng, . To the left of these contourg, decays intd are  sumption’y{=B is not valid any more. In such a case the
accessible, giving a substantial constraint to the kinematicgecay}(g_)ER is not open. However there is still a chance

of the events. First, note thaty—eg decays are open for thatW-ino-like charginos and neutralinog] and’y;) are
most of the cosmologically acceptable region wi=200  produced in cascade decays, and yield additional kinematic
GeV. There is even a substantial region of parameter spaggnstraints besides the end point measurement ofje
where bothy;—e,and y3—€g are open. In our argument distribution fromy3— X3l decay; see Sec. Ill. Large may
L e Y e e
L—X2—7ER

Yo—'e, . When the latter decay mode is open, the branchin ne?d not be .open to makyg small. Even then .the.1” e'nd

2 ] ~ o o ~ %omt determlnesn;(g—m;(g [5,26], and them;, distribution
ratio dominates oveeg, sincey,=W; andeg is anSU(2) ~0 . N
singlet. However if one assumes that squared scalar mass@kthree bodyy; decays is sensitive to very largez_ [27].
are positive at the GUT scale, cannot be too much lighter Another twist appears whe?(ga}(l)z is open and dominates

than x5, so there is some kinematical suppression. Iny decays. The small leptonic branching ratio of hboson
MSUGRA the relevant masses are expressed as might then make it difficult to study neutralino masses, and

1
mg, =m?+0.5M2 (E—sin20w> m; cos 28

f andm;(tl)~Ml andm;(g~M2 if M<<w. In[14], it was shown
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there is no sensitivity to slepton masses. Note, however, thadere m; andm, are soft breaking Higgs boson masses. In

in the B-ino—dominant regiorys— Z decays cannot compete

the previous section we toak; =m,=m at the GUT scale,

with Y3—eg decays unless the latter are strongly phasevhich gaveu®>M? unlessm’>M?. In general,|u|~M

space suppressed.
We already briefly alluded to the case wheng_ >nr;

due to renormalization group effects andmixing. The

lighter 7 can be substantially lighter than the other sleptons i
ptang is large[22]. In this case pair annihilation through
channelr exchange can even dominate other sparticle ex
change contributiongl9], becauser; could be lighter than
the other sparticles, and the mixing inducesSawvave am-
plitude. In[28] the possibility to detect and study at the
LHC is discussed. The end point of thg , invariant mass
distribution, wherej . denotes ar-jet, is not as well deter-
mined as that of then, distribution, but it has been esti-

mated that a~-5% measurement should be possible. Even if3

thej.j, end point indicatem;l< Mee the constraint om,
my0 andmo from |1 events originating frony9—er decays

can perhaps be used to reducertineerror, in which case the
combined error should not increase too much. However, i

tang is very large, it becomes easier to have an acceptabl

LSP relic density even ifnéR>m;(g. In this case one may

f

may be achieved by allowing non-universal soft breaking
Higgs boson massesn;,m,#m. For simplicity we will
keepm;=m,=m,, at the GUT scale; we briefly comment on
the effect of relaxing this assumption below.

In Fig. 3(@), we plot|u| vs (m,/m)2. By increasingmy,, u

is reduced gradually so thamﬁ+ w? at the GUT scale is
foughly constant. Note that the negative radiative correction
to Higgs boson masmg is dominated by the gaugino mass
through the stop and sbottom masses for this choice of
parameter$. Therefore the value ofm? giving |u|~M, is
almost independent ofm, m,~330 GeV. Generally|u|
~M can be achieved ifm,|gyur=M; the precise value is
determined by the top Yukawa coupling. In Figgbj3and

(c), we also pIotQ;(cf and theb factor. These quantities vary

substantially oncéu| falls below M.
In Fig. 4 we show contours of constaﬁt;(g and constant

factor in the (nﬁ/mz,M) plane for fixedm=100 GeV. We
é'rst note thaiﬂ;(g decreases a9, is increased. This is due

to the reduction ofiu| for largerm,,, see Fig. 3. This in-

need a linear collider to perform precision measurements ofreases the Higgsino componentsydfand also reduces its

the nature ofr; [29,30, whereo? , the end point of the jet
energy distribution, and a measurement of thgolarization

mass. Not onIyQ;(g but also theb factor decreases, therefore
pair annihilation is no longer dominated by sfermion ex-

would do a good job in determining the parameters needed tehanges. Especially in Fig(d) we find very strong effects

predict the thermal LSP relic density.

Ml Q;{g IN NON-MSUGRA SCENARIOS AND COLLIDER
SIGNALS

In the previous section, we have shown that the

MSUGRA assumption predicts Brino—dominant LSP. We

from LSP annihilation intdV pairs. The same effect also can
be found in Figs. &) and(c), where the rise ob andQ;(g

corresponds to the closure of th€W mode. Note that no
consistent solution with electroweak symmetry breaking ex-
ists below and to the right of the dashed lihe.

As mentioned earlier we assume the two soft breaking
Higgs boson masses to be the same at the GUT scale. How-

also found that measurements at LHC experiments are suffever, once taiB>1, the Higgsino mas$u| is essentially

cient for a prediction ofQ230h? if the cascade decay’

—er— x> is open and LSFB-ino dominance is assumed. by varyingm?
Now the question is if LHC experiments can be used to !

check the assumption that the LSP is mostlg-ao. After
all, it is possible thaj is smaller than or of the order of the
gaugino masses, and that the MSUGRA relafibp=M /2

only sensitive to the value af3. One can therefore increase
or reduce the pseudoscalar Higgs boson mass
at the GUT scale without affecting at the
weak scale significantly. Nevertheless, as longrg$M )

>0 and targ is not very largemp= \/m12+ m22+ 2 1%] ek
remains well above m;g. However, in principle there is

is broken. In this and the following section, we discuss anothing wrong with havingm?(My)<0, as long as the

scenario where the inequalityl; <M, is kept, while i is

substantially smaller than the MSUGRA prediction. In suchgt 411 scales. Iim

a caseZ exchange effects and/or LSP annihilation i

“boundedness conditiontn?+ m3>2|Bu| remains satisfied
AzZm;g, the thermal LSP relic density is

pairs are expected to be more important than in the strict
MSUGRA scenario studied in the previous section, and one
needs more information to predict the thermal contribution to 2The fact that in MSUGRAM3 at the weak scale is almost inde-

Q;ghz.
The relative size between andM is controlled by Higgs

sector mass parameters. The MSSM Higgs potential can bg

written as
V=(m2+ 2yyt 2 2yyt .
1T M )H1H1+(m2+,u, )H2H2+(B,LLH1 H2+HC)
+ (4th order termg (6)

03500

pendent ofm? is closely related to the “focus point” behavior
studied in Ref[25].

3Right on this line electroweak symmetry breaking requijues0.
earches for neutralino and chargino production at the CERN
collider LEP therefore exclude the region just above the dashed
line. However, this experimentally excluded region is very narrow,
since|u/| varies very rapidly near the maximal allowed valuemf,
as shown in Fig. 3.
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FIG. 3. (@) u, (b) Q;(g and(c) b as function of (,/m)2. We fix M=250 GeV,A=0 and tarB3=10.

very small. Strictly speaking the constraints ﬂ}(l)hz that should be seen in addition to the conventioﬁéb}?ll
we will derive below are therefore merely upper bounds asignal?

long as we cannot prove experimentally thaj is well As a result,
above ;m;((l), (1) The m;; edge, and the other end points of fheand
1 1 I H H H 3+ - ~+
The reduction ofu| would alter SUSY signals at colliders J! invariant mass distributions of, —v —x; may be

significantly. When|u|=M, ;(g and ;(2+ production from mea_sured. By_identifying—leptons fromy; decay, one can
the decay ofSU(2) doublet squarks becomes important asconf|r~m experimentally that the cascade decay originates
they have substantia-ino component. This leaves an from X2 . This gives lowernd upper bounds ofi|, which
imprint on the kinematics of di-lepton events, which givesin turn constrain the size of the Higgsino component of the
us access to additional MSSM parameters, especiallyySP- An explicit example will be analyzed in Sec. IV.

when the decay channels of neutralinos and charginos into (2) x§ may decay intce, directly followed bye, decay
real sleptons are open. This increases the statistics of cleamo x3 or x9. On the other hand the decgy§— e, is usually

Il +jets+missing P+ events, since the channels forbidden or kinematically suppressed. Therefgfedecays

andy? decays give information on different slepton masses.

P “WhenM, andM, have the same sign ang| is not too small,
one of the neutralinos is very Higgsino-like and would not be pro-
duced from the first and second generation squark decays. Here we
~0 ) 00 implicitly assumeM;<u=<M,, in which case the Higgsino-like
xa—er'(er’)— x2(x1) () state isy?.
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FIG. 4. Q;(c; and theb factor in the (nﬁ/mZ,M) plane for fixedm.

Note that there are substantial constraints on -ino masseshroughout Fig. 5x3 is a nearly pure Higgsino and does not

and slepton masses fro®U(2)XU(1) gauge invariance. haye a substantial branching ratio. See Table Il in Sec. IV for
The six chargino and neutralino masses are determiopd 5, explicit example.

to radiative correction$31]) by the values of the four pa- (2) The growth of the}; decay branching ratio infe, |,

lr:trzgtELSMl’ M2, p and tang, while mg_andm; are re- i\gain~due to the increase of Mgino comp0n~ent. Note that
X> — v, is kinematically favored compared jg, — €, .
(3) There is little or no phase space foy decays into
X1 if My<|u|. On the other hand, this mode may open up

Therefore the measured edges and end points originatinghen’y; becomes Higgsino-like. Indeed for Figiah in the
from several decay chains can over-constrain the relevangglon of smalim, the decavaH)(l is suppressed due to

MSSM parameters.
In Fig. 5, we show various), decay branching ratios, the nea.r mass degener-acy betwe@rand)(l . -
(4) Finally, “conventional” modes such ag— x; and

defined as an average of andd, branching ratios. Asn;,
increases we find substantial branching ratios into thél— x5 will be suppressed due to the reduced gaugino com-
heavier neutralino and chargino, ongg becomes compa- ponents of these light states. Moreover, the degly-eg
rable toM,. The sources of the rise of thg signal are: may be suppressed or closed kinematically even for small

(1) The increase of squark branching ratios ifyh and ~ values ofm, if [u[<M,. In the limit|u|<M, myo—myois
X3 with increasingW-ino component. In the limifu|<M,  small, and the correspondiny, distribution might be too
the branching ratios satisfiassumingv ;<M ,): soft to be accessible experimentally.

These observations tell us that one should lookybrand

X4 signals in addition to conventlon;’uzﬁxllﬂ decays.

2 2 2
m—m; =m; cos 6y, cos 28.

8

Br(qL—x;):Br(q.—x3):Br(q.—x;)=2:1:0. (9)

035008-8



SCRUTINIZING THE LIGHTEST SUPERSYMMETRIC . .. PHYSICAL REVIEW B3 035008

m =90 GeV,M =250 GeV, A =0, tanf =+ 10 ) m=120GeV,M =250 GeV, A =0, tanf =+ 10
10- L] LERLELEELS LENLEL I LANLABLBILS LENL I I ) LI B
| | | | |

102

Branching Ratio
=)
[
Branching Ratio
=
&

]
IS

BR@@, -> %§ ->&, > X))
BR@, -> %} >, > X))
BR@, > 77 >& > I

BR@, > X7 > & > X0
BR@, > 15 > ¥, >
BR@, > 7 > & > 1)

_ BR@, > 12> & > I -5 BR(@, >0 ->% > I
10 3 BR(@, > 1 > & > 1) 10 BR(, > X ->& > 1D
106 I N N I U I
2 4 6 8 10 12
m? /m? (GUT) m? / m? (GUT)

(a) (b)

FIG. 5. Squark decay branching ratios faf m=90 GeV andb) m=120 GeV, forM =250 GeV,A=0 and tan3=10. We averagEL
andd, decay branching ratios.

Discriminating experimentally between scenarios Wit =(0.91,-0.15,0.19-0.35. In ISAJET this requiresm;,/m
>M, where these new signals are small, dpd<M,, =4. Our one-loop RG analysis described in Sec. Il repro-
where they are expected to be significant, would be imporduces this point fom,/m~3.74, see Fig. &. See also
tant to predict the mass density of the Universe. In the nextigs. 3b) and 3c) for the corresponding values 6f70 and
section we illustrate how these new signals could be anahe b factor. Reducingu| even further(by increasingmy,)

lyzed at the LHC. would lead to even larger differences to well-known
MSUGRA scenarios, making it easier to measure all relevant
IV. ANALYZING THE MSSM WITH  |p|~M parameters.
AT THE CERN LHC In pp collisions one mostly produces squarks and gluinos.
They decay further into neutralinos and charginos. In our
A. A Monte Carlo study case gluinos do not decay exclusively into third generation

We now study leptonic SUSY signals at the LHC for a squarks; the branching ratio into first and second generation

case whereys production fromg, decays is sufficiently left handed squarks is about 20%1.3% intou, and 9.6%

common to be detectable. We usedJeT 7.42[32] to gen-  into d,). These squarks then often decay i and xJ.

erate signal events, whileTLFAST 2.21 [33] was used to The branching ratios relevant for the following discussions

simulate the detector response. For this analysis we choogge summarized in Table II. The tiny branching ratio intd

the MSSM parameter point shown in Table |. Here we t00Ks due to the fact that it is mostly Higgsino. In Table Il

a moderate value fawl, leading to a large sample of signal \ye show the dominant cascade decay processes which

events. _ ~ produce opposite sign same flavor lepton pairs in the final
The value of the GUT scale Higgs boson mass isstate. In this table we also list the corresponding end points

chosen such that th® component ofxg Ng=0.9, so of the kinematic distributions discussed in Sec. Il, see Egs.

that effects from its other components on the predicted LSP3) and (4).

relic density start to be significant;Ng ’NW’Nﬁl’N;‘Z) TABLE II. Relevant branching ratios in % for our sample pa-

TABLE I. Mass parameters and relevant sparticle masses ir;ameters.
GeV for the point studied in this papensaJeT [32] was used to  ~ < ~ ~q
generate this spectrum. ELHKS 207 gtﬂfg 14.5
U.—Xx3 0.4 di—x3 0.7

m 90.0 tan3 10 m 360 m, 360 U —x2 12.2 4 —x2 15.4
M 250 i 199.85 M; 1039 M, 208.75 EL_,;(; 21.4 aL_’h)‘(; 36.4
Mg, 1393 g 206.09 my  556.07 ng  561.67 39— %n 23.6 0—3, 55
n; 190.28 nmo 9318 i 53436 my 53321 @ ZL - 20~

v X1 Ug dr X+_’V 97 XO_’e 1.1
mro 15513 myo  208.74 my+ 14844 o+ 272.52 A2 L AR

X2 X3 X1 X2 + 89.1 + 0.1
my 2738 oy 188.67 nmy  374.43 ny, 563.81 X17n ) X '
. 13256 ., 206.06 mp = 498.27 mp 5312  €L—X5 38.2 er— X1 100
m, 11259 mp 436.98 my 437.63 ny 624.36 e —x; 19.8
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TABLE lll. End points or edges of invariant mass distributions = i D 20103
(in GeV) for different decay processes. e 0k UDFLW 0.000
=) OVFLW 15.00
- . 3 ALLCHAN _ 0.2999E+06
mode miree mi o mi® mipt o e Z
~ o~ o~ o~ =1
(D1 SLHi(gHej{H{g 400.3 237.0 430.6 164.2 50.6 @ o?
(D2) q.— x4 — v —x, 3510 2600 4111 2111 1219 =
(D3) g —x3—e —x5> 3227 2695 4033 2075 117.9
(D4 g —x3—e —x? 437.0 3214 4606 246.6 159.6
(D5) g, —x3—er—yb 4215 2922 460.6 2703 1743 1025—

We now show several SUSY event distributions, after ap-
plying the following cutg26] to reduce the SM background "y
to a negligible level: i

4 jets with P+ ;>100 GeV andPt, 3 £~50 GeV.

Meg= Pt 1+ P1 o+ P13t Pr s+ E;>400 GeV. i

E+>max(100 GeV, 0.” ). 1k

Two isolated leptons wittP}>10 GeV and7|<2.5. Iso- o T e e e e e e e e
lation is defined as having less than 10 GeV energy depos mll/ZGeV

ited in a cone withAR=0.2 around the lepton direction.
In the following plots we reduce SUSY backgrounds by o FIG. 6. Them?*eI_Jr”(‘jﬂfﬂ‘T_grenﬂ
subtracting event samples with different flavor, opposite sigri"® Parameter point listed in Table I.

; +,, - —at +a—
dileptons "~ andu” e7) from the sum of th@ e and  oyample if we require than, <55 GeV[Fig. 7(a)] and 55
u" u” event samples. To do this consistently we require two<m”<125 GeV[Fig. 7(b)], the distributions should domi-

and only two isolated Igptons in _the final Statwe gener- nantly contain events from decay chaifixl) and (D2), re-
at?? events C(_)rrespondmg to an integrated luminosity of 20Qpectively. In Fig. 7a) them;, end points are indeed consis-
fb™?, but the figures are normalized to 100 fb tent with the values of end points listed in Table Ill. The

_ In Fig. 6 we show the di-lepton invariant mass distribu- 4isinytion in Fig. 7b) is somewhat smeared out near the
tion for our representative point. After the subtractiorepf . - ~
end point, due to contamination frogf, decays.

events, we see a distribution with at least four edtjebey In th | h 500 GeV
are consistent with those found in Table Ill. Note that a N th€ next step we select events wheng < e

rather weak edge from dec#p3) should appear very close <m;,i; the resultingmy, distributions are shown in Figs.
to the one fromD2) in both theM > |u| and|u|>M limit;  7(c) and 7d). These additional cuts have been applied in
M~ M0, M0~ My and nm;~ g, hold in a wide region Ref. [14] because they reduce the probability to select the

of parameter space. The two edges must be separated out Hyrong” jet, which does not come from primarg, decays.
fitting the smearedn;, distribution. Note that since the kine- The m; j distribution is then substantially harder, better re-

matics of two decay chains is expected to be similar, thdlecting the distribution of the “correct” jet. Especially for
systematic errors associated with the fitting should be smalkvents with 55 Ge m;; <125 GeV, them; ; end point of
It seems that at least the first foum, edges can be used for yecay(D2) can be seen more clearly over the distributions

the fit of MSSM parameters, while it is not clear if the last ~0 . .
one is detectable statistically. from x; decays(D4) and (D5), which have highem;

We then follow the analysis df14], by taking the jets €dges.

with the first and the second large®f and considering their 1N Figs. 7c) and (d), we nevertheless see some continu-
my distributions. We labej; andj, so thatm; ;<m . ous background near the end pointraf ; which cannot be

-—me-,+ distribution for

We then find that most events hawg ; below ~400 GeV. explained byy? contamination. Note that for our choice of
The m;, distribution will contain events from the different parametersE]L is considerably lighter than for the case stud-
decay chains listed in Table Ill, but they can easily be sepaied in[14]; moreoverm + is not too small compared toy .

rated out by requiringn, to lie between certain values. For The probability that one of the two hardest jets does not
come from primary squark decays should therefore be higher
than in the example analyzed in REL4].
*However, as we have discussed in previous sections, the rates of These mis-reconstructed events also contaminatmmé
4 and 3 Igpton e\{ents compared to 2 lepton events must contaigdge if we demanmjl”<5oo Ge\k M, as can be seen
important information about MSSM parameters. in Figs. 8a),(b). Here we plot the higher of the thjl|

SNote that aim; ~55 GeV, this subtraction reduces the number of ) )
events by a factor of 0.35. The fluctuation of the resulting distribu-values in each event. However, the edges seem to be higher

tion is therefore higher than what is expected from the number ofhan the expected values in Table lll. Note that we exclude
events in this distribution. events withm, ~m; becausey, —Zy, followed by Z— Il
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FIG. 7. (a), (b): mj. i distributions for(a) m;; <55 GeV andb) 55 GeV<m,; <125 GeV.(c), (d): The same distributions after requiring
m11|'<500 Ge\ijZH .

has a highem; ; edge. For the sample witim; <55 GeV, distorts the event distribution in Fig(ly. We find that the
the contamination is seen as a change of slope, while for th@, distribution without the requiremenim; ; <500 GeV
samples with 55 Ge¥ m;; <85 GeV or 95 Gevxm; <125  <mj  reproduces then’** end point of decay chaifD2)
GeV, no structure can be seen near the expected end poinibetter for the events with 125 Gevm;>95 or 85 GeV
This contamination actually was to be expected, because-m;>55 GeV|[Fig. 8c)], although the distribution is still
the events that fall above the remg ;| edge must be mis- gffected somewhat by events coming frqu] decays.
reconstructed events where the jet originates from another The lower edgefn;“”'“ may be reconstructed from tine;
sparticle decay or QCD radiation. Therefore the correspondgjstribution requiringm, =m'®//2; see Fig. 9. This d|str|-

ing m;; has no need to respeat]™, either; it tends to have pution is much harder than the correspondag distribu-
a value larger than this nominal end point. The artificial up-tion; this is a sign that the observed lower edge is real. The
per limit of the m; ; distribution imposed by the cut then fit of the end point distributions will be given elsewhéggd].
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We now discuss the poss|b|||ty to |dent|f&; decays general version of the MSSM, not within MSUGRA. As al-
ready discussed in Sec. Il, we assume that first and second
sfermions with identical gauge quantum numbers have the
same mass; this is true in almost all mod@&lse to FCNC

through the chain(D2). In this case most daughter; 's
would decay further ag; —7,— x3, see Table I, producing

ﬁ\\;alrie;r:??n;nssthni\ﬁfteiz% Offﬁemffsﬁzgfogicagéc?i constraintg, and, in case of the sleptons, can be tested di-
) ) - i d§’2 S T_ _ y rectly from the data. We also assume that all relevant soft

might be identified by looking for a narrow jet that is isolated preaking parameters are real. However, when performing the

from other jet activity. Instead of studying the jet selection,t we do not assume that gaugino masses unify, we keep

we use information from the event generator to chose jetgs an independent free parameter, and we do not impose any
consistent with the parentdirection in the event list. The jet | tion betweemr= . n= andnr . In other words. all seven
with minimum dR is selected as-jet if dR<0.3, |7}<2.5 parameters IistedqiLr,l T;Tale v Va.re allowed to vz’;lry indepen
— min 4; -
a.ndP.T/PTJ>O'9.’ whereP— PP, We PIOt t_h?mj Al dis dently. A fit within MSUGRA might lead to considerably
tribution, wherej . is selected so tha ;, is minimal if the  gmajier errors on théfewen free parameters. Once actual
event contains severatjets. When we compare the distri- data exist it would be useful to compare these two fits. Of
butions for m; <55 GeV [Fig. 10@] and 55 GeW~m;  course, the bounds that result from kinematical fitting should
<125 GeV[Fig. 10b)], we find the latter events clustered in only be taken seriously if the overall quality of the fit{ per
the regionm; ;<190 GeV, while no such structure is found DOF) is reasonable.

for the events withm,, <55 GeV. The only possible interpre- ~ Note that the errors of the dimensionful parameters are
tation would be that modi pairs with 55 Ge\sm, <125  strongly correlated, so that solutions willy?< 1 almost fall
GeV stem from the decay of a charged partigig.,. onto a one-dimensional line in the seven-dimensional param-
In the above plot, we are assuming 100% acceptanee of eter space..TabIe 'IV ;hows that the klnemat!c guantities we
jets and no contamination from QCD jets. A rejection factor"ave used in the fit give rather weak constraintshty and
of O(10%) against QCD jets together with a 40%6dentifi- A with errors of order 20 GeV to 50 GeV. In fact, for fixed
cation efficiency might be possible in the ATLAS experi- 8N4 we find two distinct sets of solutions, wifa>M and
ment for jets withP;>30 GeV[24]. In [28], the fake tau “<M. respectively. Moreover, one cannot fix the actual

distribution is studied assuming a rejection factor of 15 for}[’alue>%fg§r)3hfr0mththi5 fit; one can hc_)nly ddetre]rmine that
the case whergs decays dominantly inte" 7~ x9. Faker anp=8.65 where the minimum is achieved whishy~ ..

backgrounds are then sizable in the region above the edge ﬂf Table V shows that the corresponding chargino and neu-
the signalr* 7~ distribution. The use of thg,Il distribution alino masses only vary within 15 GeV between the two

~ . extreme solutiongexcept foryJ, which is almost not pro-
to clean up they, sample might nevertheless help to recon- o~ ¢ P X3 ) . . P
struct edges from decay chaib?). duced ing decay$. Hence one will need additional informa-

tion, beyond the kinematics of the decay cha{bd) and
(D2), to reduce the errors on the fundamental parameters.
Reducing the errors on and tan3 would be necessary to
In the previous subsection, we checked if it is possible tqredict the thermal relic density accurately. Tdaémax,min
reconstruct the end points of invariant mass distributions insolutions predictQ;(gh2=o.160 and 0.122, respectively, as
volving charged leptons. Statistically, it_ seems po_ssible to d(?:ompared to 0.152 for the input point. The max point
so for decay mode¢D1) and (D2). This constrains mass predicts a similar relic density as the input point; indeed,

differences amongy , X3, x1, €z (D1) anda, , x5 . X1 » . within the region withAx2<1, we were not able to find
(D2). We expect that these masses can be reconstructed wiglp|utions WithQ}oh2> 0.165. On the other hand, themin
1

O(10) GeV errors, as was the case in Ra#]. However, the olution predicts a significantly smaller relic density, and

gg:ﬁ;ﬁgﬁpg errors on some MSSM parameters are S'gmfi:ven smaller values cﬂ;ghz are possible if we relax the

In order to illustrate this point, we list four sets of MSSM Upper bound on ta, which was imposed “by hand” in
parameters which reproduce all kinematic end points withirfhis fit. For example, there is a solution with tar36

B. Parameter fitting

Ax?=1 and 4, respectively. Her&y? is defined as and My Mg, p,mg,mg, ;) =(108.3,194.7,239.3,576.9,
148.0,203.9 (all masses in Ge) giving Q;(gh2=0.112. We
AXZZZ (MUt MY 2/ (AM;)2, (100  hence need to reduce the errors lwsth « and tang. The

former determines the size of the Higgsino components of
the LSP, which begins to be significant in this region of
whereM;, runs over all five end pointsn}“”a"(mi”), mjnlwax(min) parameter space. The productang determines the amount

andm["™, of the decay chainéD1) and(D2) listed in Table  ©f '~ g MiXing, which reduces the predicted relic density
lIl. We assumeA(M;) is 1% of M{"™ for distributions in-  through a reduced; mass and enhancesiwave annihila-
volving a jet, and 0.3% omﬂ“axli”p“t, In Table IV, we list the tion. In the following we discuss strategies that might be

solution with maximal and minimal (for tan3<20) that  useful for reducing the errors on these two quantities.
satisfy A x?<1(4). One possibility is to measure some branching ratios. In

We emphasize that this fit has been performed in a fairlyTable VI, we compare the decay branching ratios into
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FIG. 8. Distribution of the higher of the twm; ; values for a 0 <m; <55 GeV and(b) 55 Ge\=<<m; <85 GeV or 95 Ge\xm

o
<125 GeV with the cutsn; ;<500 GeV<m; . Figure(c) corresponds t¢b) without the cuts om; ; andm;_; .

charginos End neu~tralinos for the two solutions. Note that thgnhe relative number of events with, below they3 and 'y,

ratio of they, and Xg modes increases by more than a factoredge, respectively, and/or by trying to determine the fraction

of three, from 0.45 to 1.71 fou, decay and from 1.11 to ©f di-lepton events that have sjet near the charged lepton

4.95 ford d h itching f ¢ luti pair, as discussed above. For a given solution in Table 1V, all
: ord, decay, when switching from hﬂ max solution chargino and neutralino mixing angles and masses are fixed.

to the w min solution. This is almost entirely due to the

k . As stated above, this is a fairly constrained fit where all
change ofu; the value of tag is not important heréas Iong  rejevant sparticle masses are effectively described by one
as tarig= 1)_- ) _ parameter. The acceptances should then be very well cali-
The relative strengths of the signals from decay chaingyrated from the mass constraints, so that systematic errors
(D1) and (D2) should thus yield important information t0 should be small.
reduce the errors on MSSM parameters. The strengths of In order to extract squark branching ratios from the num-

these signals can be extracted purely kinematically, e.g. frorper of events with a lepton pair in the final state, one must
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FIG. 9. m; ; distribution for(a) 36.3 GeV<m; <55 GeV and(b) 85.9 GeV <m; <125 GeV.

knowBr(;(g—@R) andBr(}(g—ﬁxL). These branching ratios The Igast Eritical guantity in Table VIl is the branching
also depend on MSSM parameters, as shown in Table Vliratio for v,.—y; decays. It decreases slightly with decreas-
Here we assume that theand, soft breaking mass param- ing 4, due to the shrinking\-ino component ofy; . How-
eters are the same as for first and second generation sleptogyer, this effect is weaker than the simultaneous increase of
We compute the- mixing angle by setting\,=0 atthe weak  Br(xz — ve), which is due to the increasing-ino compo-
scale; whenever it is sizable, — 75 mixing is anyway domi-  nent of x, . The strength of the signal from decay chain
nated by the contributior . tanB. With these assumptions (D2) is proportional to the product of these two branching
all parameters required to compute these branching ratios c&atios, which varies between 0.027 and 0.041. Together with
in principle be extracted from the kinematic fitting describedthe simultaneous change Bf (g, — x, ) shown in Table VI,

above. this means that for our choice of parameters the signal
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FIG. 10. The invariant mass distribution; ;, for () m; <55 GeV and(b) for 55 GeV <m; <125 GeV.
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TABLE IV. Maximal and minimal . solution satisfyingA x? TABLE V. Neutralino and chargino masses in GeV for the
<1(4). maximal and minimaju solutions.
my My My p tang omg, om Mo Mhg MR my omy My

umax 57538 108.28 196.76 23571 20.0 147.37 202.58 max 101.79 163.15 244.85 284.94 160.44 285.10
(Ax?<4) 581.99 113.12 200.79 242.09 20.0 152.02 207.24(Ay?<4) 106.63 167.82 250.99 290.44 165.12 290.54
wmin  554.64 99.58 218.70 180.10 20.0 135.18 185.83x min 89.0 150.97 190.41 268.72 144.19 268.74
(Ax?<4) 549.08 95.58 216.10 175.64 20.0 131.43 181.98(Ax?<4) 85.08 147.22 186.18 26556 140.49 265.64

strength of(D2) decreases rapidly with increasipg More-  since the two signals have very different efficienéiesow-
over, the relevant branching ratios do not depend signifiever, given that this ratio of branching ratios differs by more
cantly on the details of the sector, and can thus be pre- than a factor of 4.5 between the three scenarios of Table VI

dicted fairly reliably from the quantities listed in Table fv. We think it likely that its measurement will help to reduce the
Unfortunately this is not true for the branching ratio for €/70rs of the extracted squark branching ratios significantly.
Finally, once a linear collider of sufficient energy becomes

~ ~ )
ege decays, which does depend strongly on the mass . - .~ . .
X277 ER 4 P gy available precision studies af, production and decay will

and mixing angle of,. Note that the prediction in Table VII be possiblg29,30.

for the input point(0.299 differs from the input value in Let us summarize this somewhat complicated discussion
Table 11(0.236. This is because we ignored the reduction ofpy tyrning the argument around. One should first extract in-
soft breakingr masses through renormalization grotfG)  formation about th& sector, e.g. by comparing signals from
effects when computing the entries of Table VII. In the given) S 7+ 7730 to those fromy5—e"e x9. This will give
case these effects only reducg, by ~5 GeV. This is suf-  jrtormation on the soft breaking masses in theector as
ficient to increase the partial width fg— 7, 7 significantly; ~ well as on the produci tang. This information, together

note that}2—>~ll decays are pure P-wave in the linmit with the result of the kinematic fit described above, will al-

—.0, and the available phase space for these decays is | W one to predict the branching ratios of the decays listed in

large in our case. Since for both fit solutions shown in Tabl able VII with reasonable precision. This in turn will allow
) SR . o translate the measured strengths of the signals from decay
IV tan g is significantly larger than the input value, these

~ chains(D1) and (D2) into squark branching ratios. Finally,
solutions predict even lighter; states and enhancefl  these branching ratios can be used to greatly reduce the error
—7r mixing. The use of these parameters would thereforen u.
underestimate the true branching ratio f@ﬁ—>~eRe decays Another way to fuither constrain the relevant MSSM pa-
significantly. rameters is to includqg decay edges from decay®3) and

In order to extract the squark branching ratios of Table VI(D4) in the fit. Just measuringi{"® values of these decay
to better than a factor of 2 one will therefore need additionamodes with 1% errors allows to reduge" to 214 GeV.

information on the> sector. This might be obtained by However, this would still not allow us to give an upper
bound on tarB.” Moreover, this edge may not be visible for

R ) -
studying x;—7 "7 x decays. As mentioned at the end of |, qer gluino and squark masses, where the production cross
Sec. Ill, it should be possible to determine the edge of the diggction is substantially smaller.

7-jet invariant mass distribution te-5%. This would be Given that the very weak upper bound & 20 which
sufficient to detect large differences betweeande masses; we imposed in the fit summarized in Table IV is sufficient to
in particular, it would suffice to detect a significant reduction predictQihohzzO_]_35t 0.03, it seems certain that the strat-
of the predictedﬂ;(l)hz due to enhanced annihilation into gy outiined above will again allow to predict the thermal
"7~ final states. However, it would not suffice to distin- relic density to better than 20%. The only loophole occurs if
guish between the three cases used in Table VII. To this endr,lszE; this can happen even in MSUGRA if t@ghis
one would need to determine the ratio of branching ratios fotery |arge. In this case the)— 7, mass difference becomes
Yo—ete 9 and x5— 77 X9 decays. The precision of so small that ther from 7, decays become effectively invis-
this measurement might be limited by systematic effectsiple at hadron colliders. At the same ti”?ﬂr;((l) co-

annihilation reduces the predicted LSP relic density by up to
a factor of ten[35]. One would then need to increase

In principle;(gr branching ratios could change somewhallnn‘I

<+ =+, in which case additional 2-body decay modesof 8since theyS— 7, mass difference is quite small, one may have to
would open up. However, such scenarios are already tightly conallow one of therjets to be quite soft.

strained by LEP data, and would give rise to a variety of Higgs °Including this new information gives the strong upper bound
signals at the LHC. tanB=<11 at the ¥ level, but tan3=20 remains allowed at®
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TABLE VI. Squark branching ratios for the maximal and mini- kinematics. Moreover, the measurement of the relative num-

mal u solutions. ber of events from different decay chains further constrains
= ~ ~ . . MSSM parameters. In the end it should again be possible to
X1 X2 Xa X1 X2 predict the thermal LSP relic density with an error of 20% or

- 10°3 0257 0073 0553 0.113 better even in this more complicated scenario. In fact, this

G 0.036 0214 0094 0412 0.238 Ecenano is afjvantagequs,.smce it allows us to detgrmlne
. s oth the gaugino and Higgsino components of the LSP; these
M min ug— 0.4 10 0167 0.162 0381  0.285 g6 peeded to predict the strength of the LSP couplings to
d, — 0042 0106 0.196 0.197 0451 Higgs bosons, which in turn are required for predicting the
LSP-nucleon scattering cross section. In MSUGRA scenarios
. . . . with |u|>M one can probably only establish an upper
and/oZrMJQ or~derto get a cosmologically interesting Yalue of bound on the Higgsino component of the LSP, which only
Q3007 x2—ege decays may not be open. In this casegjows one to derive upper bounds on LSP-Higgs couplings.
straightforward kinematic fitting as we described here will  Notice that weonly used information that can be extracted
not be possible at the LHC, although one should still get grom studies at the LHC to arrive at this rather optimistic
hint for the relative ordering of; andeg masses by observ- conclusion. If any one of the relevant masses could be deter-
ing 7-jets in missingE+jets events, which will yield the mined with better precision elsewhere, e.g. at a lepton col-
most robust SUSY signal in this case. In such a somewhdider, the allowed region would shrink significantly, since the
contrived scenario kinematical precision measurementfit of hypothetical LHC data resulted in an almost one-

would probably only be possible at a lepton collider. dimensionalA x*<1 domain.
In this paper we discussed the case whereM so that
V. DISCUSSION neutralino decay into sfermion is open. This is a good as-

sumption if x$ is gaugino like, as¢} density overclose the
%niverse ifm>M. For increased Higgsino component}:ﬁf,

such a requirement is no longer necessary. It is interesting to
relic LSPs to the mass density of the Universe. Previousee if one can extract sparticle masses from decay distribu-
simulations in the literature were mostly done usingtions for such cases.

MSUGRA assumptions, where usually|>>M?2. In such a In this paper, we did not study the case wheie

case the measuregh) cascade decay determines, My <My, My, where the Higgsino-like statgg, x5 andy; are

andnro. Once we know that the LSP is mos8yino, these nearly degenerate in mass. In such a case we should observe
: X5 »x5 production from squark decays in additiony§ pro-

) ) _duction, which is now mostlfé. If scalar masses are not too
On the other hand, if nature does not respect universalityyge 5o that decays of the heavier neutralinos and charginos
of all scalar soft breaking masses, it is possible #atM.  intq real sfermions are open, the analysis is similar to the one
In such a case, one needtsh to knpnand M in addition to  hat has been given in Sec. IV. If the sfermion decay mode is
0 andng, to determineﬂ;g, because-channel exchange closed, the decay to @irtual) Higgs boson might play an

of Z andh, or WW production might play important roles in Important role, unlike the case whege~M. While on-shell
~0 . D . . Higgs bosons produced in SUSY cascade decays can be
X1 pair annihilation in the early Universe. We showed that, ity e ntiie [ 24), the kinematical fitting would be more diffi-
#~M, x, andx, will be produced copiously im_ decays. ¢yt since it would be entirely based on jets. Note, however,
One can then determine all MSSM parameters needed iat the thermal relic density of Higgsino-like LSPs is small

predictQt}h(l, through the study of these cascade decay charunlessmg(gz 500 GeV, in which case it might be difficult to

nels, using fits of kinematic end points and edges of invarianeven discover supersymmetry at the LHC.

mass distributions. The isolation g — 7 — x; decays by We also did not discuss the case whitg<M,u sug-

; ~y . gested in models with anomaly mediated supersymmetry
observing the subsque)afarijfcay may-be used to im breaking[8]. These models predict a rather heavy gluino.
prove the reconstruction of the, production and decay Thjs results in a limited number of events even at the LHC,

TABLE VII. Branching ratios for the maximal and minima making precision studies rather difficult. In models with a

solution. We assume universal soft sfermion massesfardd at not too heavy gluino VNVh"E keepirjlgl 2~<M 1,4, the relative
the weak scale. number of events frorB— eg andB— e might be useful to
show thatM ;>M,, if both modes are open. This would be
4 max  input(univ) o min sufficient to show that the thermal LSP relic density is small,
independent of the relative ordering ldf, and ., since both

In this paper, we argued that LHC experiments can play
substantial role in predicting the contributi()l*t)r(ho of thermal
1

three masses are sufficient to deterrrﬂhté) within 20%.
1

52H§R 2x0.06 2x0.148 2<0.105 W-ino-like and Higgsino-like LSPs with mass in tlew)
Xa — Ve 0.063 0.096 0.109 hundred GeV range annihilate efficiently.
Te—x1 0.433 0.402 0.380 We thus conclude that whenever LHC experiments find a

large sample of SUSY events, it will be possible to either
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