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SUSY Higgs bosons : present limits

(see lectures by D. Froidevaux)

A light Higgs boson (preferred by EW data) is typical in SUSY
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* Minimal models : 2 Higgs doublets — 5 physical states: h, H, A, H*
* At tree level SUSY Higgs sector described by fwo parameters : m,, tgf3

Radiative corrections introduce dependence on my,,, Mg, Stop mixing, etc.

* my, increases with m,, tgB (for m, <200, tgB <10), my,,, M,, , Mixing © /7,
My, = -- no mixing : m, <115 GeV — almost fully excluded by LEP
174.3 GeV { -- m,-max scenario : m,< 130 GeV

* H, A, H* usually heavier and degenerate for m, > 200 GeV
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LEP and Tevatron Run1 are complementary

LEP 88-209 GeV Prelimina

~1g’p
— large tgf : 4b final states

Note : ~ no sensitivity to

S10 2 B Excluded by CDF_ |
+— -
e [
A — . -[ M,=200 GeV -
. | p=-200 Gev SM-like h in Tevatron Run 1
e Al |'m,,. =800 GeV mp,
7% 0 I I I .
>~< 0N 0P X X=2Mysy |
e T h el o, = 1144 GeV
~ cos? (B-a) I S o

Large tgB, small m,:
4b, bbtt final states

dominate 1

by LEP
o=hH 100 150 250 i”:OO
mixing my, 4> 91, 92 GeV m,. (GeV/c™)
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Large m, : here h is SM-like
¢ T L, — SMHiggs searches ZH — qqbb, vvbb, /(bb, qqtt used



Searches for SUSY particles at LEP and Tevatron
and present experimental status :

* short reminder of models and parameters
- main searches at LEP and Tevatron
- other constraints

... a brief overview ...

Framework : Supergravity models with R, conservation
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The MSSM parameters

M, M,, M3 . gaugino SUSY-breaking mass terms (give masses to x°, x*, gluino)

mZR , mzL . mVL R ran R rnqL :  sfermion SUSY-breaking mass terms

m A : pseudoscalar Higgs boson mass

TC(HB : ratio of vacuum expectation values of the two Higgs doublets
: Higgs mixing parameter

AT! Ab, AT, ... :stop/sbottom/stau/.. mixing parameters

> 100 parameters — not very predictive ... — difficult to use to interpret

experimental studies
F. Gianotti



Introduce some assumptions ) Constrained MSSM (CMSSM)

J Gaugino masses M;, M,, M; unify to a common gaugino mass m,,, at GUT scale
(in the same way as coupling constants of U(1) , SU(2) , SU(3) unify to ogt)

0 Sfermion masses unify to a common scalar mass m, at GUT scale

!

CMSSM parameters are (usually ...) :

M 1,2, Mg, My, TfanB, 1, A ;- — widely used to optimize and
— interpret experimental studies
mainly at LEP

F. Gianotti



M;, M,, M; masses run fromm,,, at GUT scale to their values at EW scale
(through RGE) in the same way as corresponding coupling constants

Q;
M, = m,,
1 Agut
. . at the EW scale
M1z0.5m1/2 ,M2z0.8m1/2 P M3z3m1/2

(.

<Xi1 , X%z < g

1 typically ...

m(g)=3.5m(x",,%",)
m (" ,% ) =2(x")

1

» Scalar masses depend on my , m ;,, ... > scalar and gaugino masses are related
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Introduce more assumptions ) Minimal Supergravity (MSUGRA)

Unify Higgs and sfermion sector at the GUT scale — m, fixed by m,, ..

Unify all trilinear couplings at the GUT scale o a common A,

Radiative EWSB — only sign of u remains free

!

mSUGRA has only 5 parameters :

— widely used to optimise and
interpret experimental studies
mainly at Hadron Colliders

m 1,5, Mo, tanB, sign(u), Aq

Very predictive buft ........ realized in Nature ?
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Mass isolines in mSUGRA
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Examples of experimentally useful couplings and processes
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Examples of experimentally useful couplings and processes
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Examples of experimentally useful couplings and processes
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Examples of experimentally useful couplings and processes
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Examples of experimentally useful couplings and processes
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x_() -

XOI =|LSP:

stable, weakly interacting
— hot detected

— missing E in final state

Small Am : little visible
energy in final state
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e¢'e” Colliders (LEP) versus Hadron Colliders (Tevatron)

Sparticles produced ~ democratically

et AR A

Y, Z*
o

g_sasx_aloj

~NA ~SA

q9,qg, gg dominates 4 g q
q >ww< a

o (q,g) =100 pb

e } m=150 Gev
o(ee) =51b

Direct decays to LSP dominate:
e.g. Goqr’, Il %, " 5> Wy
— main topology is 2 acoplanar objects + missing E

q,g heavy — cascade decays important
eg. £—qq = qqr’, >99Zy’,

— high multiplicity high p; final states

Moderate backgrounds (yy — ff, WW, ZZ)

Huge backgrounds (QCD, W/Z+jets)

Sensitive to:
-- ~all kinematically accessible P

-- ~all decay modes
-- Am=m(()-m (y"1) =GeV (small visible E)

Sensitive to:

- (,g (high o, heavy, clear signature)
and y*, ¥, — 3 / (clean signature)

-- Am>>10 GeV (large visible E needed)

Mass reach m < Vs /2 for ~ any sparticle
over most accessible parameter space

®

Combining more searches — absolute limits (e.g. LSP)

High mass reach for q,g (Run 1 ~300 GeV)
but holes in parameter space
— ~ no absolute limit
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(07" w2 acoplanar leptons + missing E =~ wemp

Vs = 183-208 GeV

Slepton searches at LEP

e —p
zo*

OPAL stau event

e__’

Main background : WW (well known — subtracted)

ADLO Preliminary

- Selectrons Small DM

- Staus

— Observed
.......... Expected

Excluded at 95% CL

(1=-200 GeV/c", tanf=1.3)
|

~

50 60 70

80 90 100

> e

o .. \\\\
Candidate..... ..

e+ e, -> stau+ stau-

* Scalars: 6 ~ B 3/s — need L to reach kinematic limit
 Smuon and stau limits are ~ model-independent

» Tevatron has no sensitivity (small cross-sections,
large backgrounds)



Squark and gluino searches at Tevatron

ExY
— signature for qq, gg, qg production at Tevatron is E,Miss (MET) + n jets + m leptons (¢ = e, )
) = 7 q9,9g,88 =
> 4004 I < : m(g)>195 GeV
O ~=! fﬁ“ © MET+23 jets 2 searches :
- < o {m (@) =m (2)>300GeV | MET >70 GeV + 2 jets + 2 ¢
g S / MET >70 GeV + > 3 jets
5 300
= Pl 44 searches at LEP
7] S Wl searches at
200 X_CDF, 84 pb? 149
A Tevatron not
siev Db = p.b'-l o / sensitive to

Am (G - y°1)<25GeV

0 200 400 600
gluino mass (GeV/c®)




Main backgrounds to SUSY searches in Jets + MET topology at Hadron Colliders from:

-- W/Z + jets withZ - v, W > 1v ;| tt; etc.
-- QCD multijet events with fake MET from jet mismeasurements (detector resolution, cracks)

CDF, 84 pb!, MET >70 GeV + > 3 jets sample

+
10 + Data : 74 events
SM prediction : 76+ 13 events (35 W/Z/tt + 41 QCD)

Understanding the missing E+ spectrum (and tails
from instrumental effects) is one of most crucial

N and difficult experimental issues for SUSY

g searches at Hadron Colliders

20 100 120 140 160 1RO 200

Missing E+(GeV)

Events/(5 GeV)
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Chargino searches at LEP

Largem, (“é are heavy) Smallm, (’Z are light)
X ) 1 e’ — —y
2 — v

- e__’ —> Z_

YT VIV = v vy,

/ WW — qqqq WW — lvqq WW = v v

\Y

X1O Xlo |+ Xlo
\/ Vv
|+
\ V
X10 Xlo Xlo

Main backgrounds (WW, ZZ) can be rejected asking e.g. for a large missing mass
in final state
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"Easy case" : large scalar masses

105

| ADLO Vs >206.5 GeV

=
5
G

104

m (x%) > 103.6 GeV

M (GeV)

101

100

tanp=2 p=-200 GeV
Excluded at 959 C.L.

29

200 400 600 800D
Mv (GeV)

Tevatron Run 1:
searches ( x*; x°%,— 3/) in
general not compeftitive
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Two difficult cases:
1) small scalar masses

| npe2 L3

{ 1=-200GeV Preliminary

My>103.2

105

100 )
My>98.6

) -
¢ searches

95
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M. (GeV)
v

2) very small Am (* - x°)
higgsino CMSSM

standard

L3 preliminary
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My (GeV)




X

m, (GeV/c?)

35

30

45

Absolute limit on the LSP at LEP

Cosmological implications : x% is best candidate for cold dark matter

x%; x% production not observable — indirect limit from interplay of constraints in parameter

space from other searches (e.g. //,x"x,h)

Constrained MSSM

< 1Tevic’
LEP < Higgs { Mo ,
% Um,, = 175 Gevie?

(large m,)

Higgs Absolute limit
m (Xol ). > 45 GeV

/Sleptons y
T .

at small m,,
¥y =Lty
m(y+) =m (V)
Excluded at 95% C.L.
1 2 5 10 tanp

Interplay/complementarity between
accelerator limits and dark matter
experiments

Direct searches for cold dark matter

(WIMPS) through neutralino-nuclei
scattering

- Y
o o

WIMP-Nucleon Cross-Section (pb)
—t
o

]
B

|
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|
o

r—2
e.g. H
q 4

F. Gianotti

-
o

]
=]

— DAMA Nal1-4
----- - IGEX 2002
et CDMS 2002
— EDELWEISS

2
10

WIMP Mass (GeV/c?)

10



Interpretation of results : constraining the mSUGRA parameter space ...

LEP preliminary

— 400 .
Nﬁ wnp= 10, p>0 Regions excluded by:
=0

8 350 Gluino mass: M,_ =175 GeV/c’ 1.

e 200 GeV , 400 GeV i 2.

= 300 3.

4. Sleptons
=0 Tevatron Run 2 (2 fb™") 5. Higgs

6. Stable staus

X %3 — 31" + MET searches

mSUGRA : m, depends
on Mo, M y/2

150

100

50

0 200 400 600 800 1000
m, (GeV/c?)

Note : m(g)=3m,, N m (x*) > 100 GeV limit (from LEP ) provides similar
m(y*)=m, constraint on parameter space as m(gluino) > 400 GeV
(reach of TevatronRun 2 ...)

F. Gianotti



Sprospec’rs at the Tevatron Run 2

50 discovery
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Combining Colliders with other “constraints” ...

MSUGRA A,=0,tan3=10, 1 >0

; { Ells,
i my, =113 GeV { olive

Bl Disfavoured by BR (b — sy) 100
from CLEO, BELLE ;
BR (b — sy)=(3.2+05)e 104 7007
used here ;

[ ] (E821)
assuming that
dar, = (43 +16) « 10 10
is from SUSY (+ 2 ¢ band)

B Favoured by cosmology
assuming 0.1<Q h2<0.3

w100 200 300 500 600 700 200 900 1000

4 14

~

/
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Brief introduction to the LHC:

-- the environment

-- the main physics challenges

-- ATLAS and CMS detectors

-- examples of performance relevant to SUSY

F. Gianotti




Present schedule

First pp collisions : April 2007
Initial (low) luminosity : ~ 1033 cm2 s!
Design luminosity : 1034 cm-2 s1 after 2-3 years

| JiTJJHJ;,JJIm,;JErw, i
#'H..ffi!ﬁ?: i L ) e
11 ul L L LRy

K 1]

Integrated luminosities assumed here

10 fb-1 per year at low luminosity

100 fb! per year at high luminosity } per experiment
300 fb!  ultimate




Expected event rates at production in ATLAS or CMS at L= 1033 cm2 s!

Process Events/s Events /year Total statistics collected
(10 fb1) at previous machines by 2007
W— ev 15 108 104 LEP / 107 Tevatron
Z— ee 15 107 107 LEP
tt 1 107 104 Tevatron
bb 106 1012 - 1013 10° Belle/BaBar ?
H m=130 GeV 0.02 10° ?
§g m=1TeV 0.001 10
Black holes 0.0001 103 ---
m>3 TeV
(Mp=3 TeV, n=4)

— LHC is a B-factory, top factory, W/Z factory, Higgs factory, SUSY factory, ..
-- ultimate mass reach for singly-produced particles : = 5 TeV

F. Gianotti



¢ (nb)

However ... this is not for free .. = two main problems

10 o,

Tewvatron

=]

-l
]

a

72
10" cm

10? o (E" > s/20)

10" Sy

Oz

ojed(ET*-“ > 100 GeV)

events/sec for L

pile-up | | @

» Event rate in ATLAS, CMS :
N = L X 6;p10stic (PP) = 1034 cm2 571 x 70 mb
=~ 10° interactions/s

Proton bunch spacing : 25 ns

N
\O\O\>O</././

10°
10~ 3

10 r:sij:IE.l_jE1 = Ws/4)
-5 o (M, = 150 GeV)

10 Higgs

10° Fo, (M, =500 GeV)
-7 11 III

0.1

F. Gianotti
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~ 25 inelastic (low-p1) events ("minimum bias")
produced on average in the detectors at
each bunch crossing — pile-up



At each crossing : ~1000 charged particles

produced over |n| <25 .
However : < py>=500 MeV — applying p cut .

allows extraction of interesting events

!

Tl

* Impact on detector requirements:
-- fast response : @ 50 ns
-- granularity — 108 channels
-- radiation resistance (up to 10! n/cm?/year
in forward calorimeters)

e —

* Impact on physics:
-- general performance deterioration (lower efficiencies, higher fakes, worse resolutions)

-- tracking and pattern recognition more challenging
-- additional contribution to calorimeter energy resolution (e.g. big impact on missing E+ resolution )

Note : quiet environment at low luminosity (Tevatron-like)

F. Gianotti
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107 g
10°
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10°
10*
10°
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10"
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4
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10°
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]_0-'-’ P

-5

[+

o (B > s/4)

Sy (M, = 150 GeV)

g (M), = 500 GeV)

1ol

Tewvatron

Huge (QCD) backgrounds

-l

High-pr QCD jets 97 ]

——q

3 2
vents/sec for LE 107 em™ s

w,z 9
q

>W,Z

0.1

1
Vs (TeV)

Higgs m,=150 GeV g”me H_

4,8 pairsm~1TeV 9

0 Ql

1

g-vwv\.

* No hope to observe light objects (W, Z, H?) in fully-hadronic final states — rely on 7, y

» Fully-hadronic final states can be triggered at affordable rate and possible signals (e.g. SUSY)
extracted from backgrounds only with hard O(100 GeV) pt cuts — works only for heavy objects

* Mass resolutions of ~ 1% (10%) needed for /, v (jets) to extract tiny signals from backgrounds

- Excellent particle identification: e.g. e/jet ratio pr> 20 GeV is 103 (105) at Vs = 2 TeV (14 TeV)

— e* identification in ATLAS, CMS must be ~ 100 times better than CDF, DO

F. Gianotti

Note : dynamic range ~ 1 GeV — few TeV




ATLAS

Muon Detectors Electromagnetic Calorimeters

Forward Calorimeters

End Cap Toroid
= [y
S | BB (a —g= | | Barrel coil cryostat
l';--—_.,_-__-__-—-_-

Barrel LAr ECAL <

Length : ~40 m
Radius : ~10 m s Vs —e e 2 _I4 =
Weight : ~ 7000 tons pa . o i

Muon en-cap chamber




M LION CHAM BE BS CRYSTAL ECAL

Length : ~20 m
Radius : ~7 m
Weight : ~ 13000 tons

[Total welkght H

erall dlameter :

Ovenall length

Magnetic fleld : CMS-PARA-DD1-YQO7/37 JLELFP

ECAL crystals




ATLAS CMS

Air-core toroids + solenoid in 1nner cavity Solenoid
MAGNET (S)| Calorimeters outside field Calorimeters inside field

4 magnets | magnet

S1 pixels + strips

Si pixels + strips
No particle i1dentification

TRACKER TRD — particle identification

B=2T B=4T
o/p; ~ 5104 p(GeV) @ 0.01 o/pr ~ 1.5x10 pr(GeV) @ 0.005
Pb-liquid argon PbWO, crystals

EM CALO o/E ~ IQ%/\/E unifqrm 6/E ~ 34_5%/\/]3
longitudinal segmentation no longitudinal segmentation

HAD CALO Fe-scint. + Cu-liquid argon (10 A) Brass-scint. (> 5.8 A +catcher)
6/E ~ 50%/\E @ 0.03 6/E ~ 100%/NE @ 0.05
MUON Air = o/pr~7 % at1 TeV Fe = o/p;~5% at 1 TeV

standalone combining with tracker
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o/E (%)

CMS ATLAS Pb-LAr

1.0F 0 - 5 . | ‘ |
June 1999 Crystal matrix € 7 EM calo module | ]
Tower 14 (2080) 2,5 o full resolution B
Noise = 190 MeV 5

= noise contribution

Runs 289569-30442

» » subtracted resolution dFE/E = a/NE®b .
3.5 }§ a= 918+ 0.13% .

» b= 027+ 0.04% 1
3 - _

25 | |
L electron E-resolution
0.5 electron E-resolution s 1, :
1 b 1
7 G/E = 3.3%/NE @ 0.27% b T E
00 358 &5 3 5 1 s - e ., ]
8052 0 0 5 0] 5 0 . L ‘ I . | . | . =l
0000 E (GeV) 0 50 100 150 200 250
Epoom (GeV)
533 3 % | ATLAS Fe-scintillator
o ﬁ E E 2 ® | (Tilecal) HAD calorimeter module
® Til=ml ModuleO dam
B Tiloml Promeyps dam
L3 I m G CALOR Momscaila
Examples of test beam
a1 . :
pion E-resolution per'formance results
50%
005 ~ @ 4%
JE
a |
a a1 e 03

L By 0Gev T



Examples of performance and issues relevant to SUSY studies

©® Good E-resolution of (hadronic) calorimetry:

from full GEANT
simulations of ATLAS, CMS

-- reduces fake MET from detector resolution in QCD multijet events
-- harrow mass peaks : W — jj, h - bb,t — bjj from SUSY cascade decays; A/H —1r, etfc.

-- etc.

Jet E-resolution in CMS

_____________________________________________________________________________________________________________________ Missing E resolution in ATLAS

— 0.46 x \xE; ]
~ low luminosity )

¥ A-—m

A mimiowion bias

A 4

o 0.22 B

. PRELIMINARY, I,<0.1 =

Q B

g 0.2 ® calo E =

N + i i

8 0.18 m calo+tracks o I

o N

s 0-16 AE/E=1.01/VE + 0.04 .

50.14 L)

5 L
1| -

ﬁ 0.12 i

w 0.1 *

.ﬁu 08 | AE/E=0.70/vE + 0.07 \ simple E-flow

- | | | | |
20 40 60 80 100 120 .

E MC jet in cone 0.5, GeV
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TE_ (GeV)

High lumi : MET resolution is ~ 2 worse




® Hermetic calorimetry coverage :

. | n| <5, minimal cracks and dead material
— minimise fake MET from lost or badly measured jets

ATLAS study : full simulation of Z + jet(s) events, with Z — pu and p+ (Z) > 200 GeV

-------- reconstructed MET spectrum
—— MET spectrum if leading jet were undetected

s 20
G0 E = Events with MET > 50 GeV
) : > )
= =
o 15
E 10 o
1 10 ] ‘
“crack"” barrel/
_ : extended barrel
10 5 |4 Tilecal
"]»r],[] | | I[p[
10 lle n......ﬂm.jnl
1 a 1 3 3
Ermim (GEW ) peendarapidity of highest ETj:t
Particles parallel
2 events with MET > 200 GeV

to Tilecal scintillating tiles
con’ram a hlgh pt heutrino




Jet mjection

©® Powerful b-tagging and t-identification:
-- 1s and b-jets expected in sparticle and SUSY Higgs decays (especially at large tanp)
-- in general 34 generation could play a special role in New Physics

T /jet separation

O TP <130
& 5P T

2 3P <50
[ )

A

-

From full simulation of QCD b-jets and u-jets
b-jets are identified from tracks with large impact

parameter

i 20 1]
Tefficiency ( %)

F. Gianotti

From full simulation of ©'s from A — 1t events and QCD jets

1S are identified as narrow and low multiplicity jets in

calorimeters and tracker

b-tagging efficiency
e
N . ©

<
=)

b-jet/light-jet separation

E, =100 GeV

Low Luminosity

LP.2D

 ® [n|<1.4 - OFFLINE
O Inl14-HLT

W 1.4<|n|<2.4 - OFFLINE

O 1ddpl24-HLT

=
10
mistagging rate (u jets)




O Precise knowledge of absolute lepton, jet and missing E; energy scales:
— for precise measurements of SUSY events, e.g. end-points of kinematic distributions,
A/H — uu mass, etc. (in many cases statistical error is negligible)

Can only be achieved with /n situ calibration with data samples

(-scale
* mainly from Z — ¢/ events (1 evt/s per species at 1033)
* ~ 1 %o uncertainty achieved by CDF, DO (dominated by
statistics of control samples)
* LHC goal : 0.2 %o to measure my, to ~ 15 MeV (1 %o assumed here)

1

ATLAS: full simulation study of uncertainty on Z — ee scale

Sl e Requirement Unzertainty onscale
IMaterial in Inrer Debacior Known o 14 < 00144
Inner bremestmhhirg Encven bo 10 = 0.014%
Underbying event Calibm e and subiact == 10 0345
Pile—up at low lumincgity Calibra e and subltmct <= 0014
File—up at high lumircsity Calibmte and subtmct == 0.01%

F. Gianotti



Jet-scale
* mainly from Z (— ¢¢) + 1 jet asking p+ (jet) = pt (Z)

and from W — jj in tt — bW bW — blv bjjevents asking mj; = my,
* ~ 3 % uncertainty achieved by CDF, DO (not enough tt statistics at Tevatron)
*LHC goal : ~1 % to measure my,, to ~

1GeV

- main systematics : FSR, underlying event, etc.

E.r'm“’| .|"F |::'1illlI

-1.:.
O aAfter calibrafion

.05 —

B Eelore colibrofion

pr (parton) W — jj

p- (jet) from top
decays

Z

Missing ET scale

50 Lon ) 150
o (Gev)

F. Gianotti

* mainly from Z — 1t — /-hadrons + v 's
- sensitivity of reconstructed Z mass to MET scale

l

Memurad 2 mass (GeV
& 8 2 g

]

ATLAS,
full simulation

+ 10% variation on MET scale
— + 2.5 % variation of m,

0s Q.73

]
1 125 L3
Scale factor for E s

* my can be measured to 1% with 4000 evts (30 fb)

— MET scale can

be constrained to ~ 5%




The LHC potential for SUSY :
-- inclusive searches
-- precise measurements
-- constraining the underlying theory

-- general “lessons”

-- what the LHC can and cannot do ...

Framework : Supergravity with
R-parity conservation unless
otherwise stated

F. Gianotti

UNDERGROUND WORKS

Point 5

P

SUSY at LHC

Point 6

Point 7

[ -,
_'
2
Sy
= | HC Project Structures
LHC Excavated Structures s s ST-CE/ljr
s | HC Completed Structures (CE) ATLAS 18/02/2002

LHC Completed Structures (CV, EL, HM, MA)



Sparticle production at LHC

* Squarks and gluinos produced via strong processes — large cross-section

O

o q g v Ef M (GeV o (pb) Evts/yr
S g 500 100  10°-10
~ L 1000 1 10%-10°

9 4 9 2000  0.01 10%-10°

* Charginos, neutralinos, sleptons direct production occurs via electroweak processes
— much smaller rate (produced more abundantly in squark and gluino decays)

> > x+
q o~pb m ~150 GeV

> > 0
X

qd,dg, 99

production are dominant SUSY processes at LHC if accessible

F. Gianotti



0,9 heavy — cascade decays favoured

Example :
L - -8 u, —= 9 + u ¢ Jjeth, E_=1196 GeV)
o il 3P m = 1000 GeV
- = i . + -
Wb mren T o M= 500 GeV
Vi +b et B —S36GV b ( Jet2, B =320 GeV) tfanB=35 u>0 Ay=0
e & . W _ == 1
R, [ E. =380 GeV m(q,g)~1TeV
CMS
= 1266 Ge¥
= 1450 Ge¥
R — spectacular signatures
T — easy to extract SUSY signal
- 214 Gev from SM backgrounds at LHC
(in most cases ...)
=119 GeV

o e . W SR

/S Abdulln, A. Ml

E. Abdullln



Inclusive SUSY (mainly Q, § ) searches

» Should be the most easy, fast and model-independent SUSY discovery mode at LHC

Six topologies studied :

-- Jets + MET . no lepton requirement
-- O/ . hno leptons

-- 1/ . 1lepton

-- 20/0S . 2 opposite-sign leptons
-- 2SS . 2 same-sign leptons
14 . 3 leptons

Main backgrounds : tt, W/Z + jets, QCD multijets

- Typically cuts are applied on number and E; of jets, MET and MET isolation,
event transverse sphericity, etc.

» Should also allow first and fast determination of general event properties (lepton

multiplicity, "exotic" features like photons or stable heavy particles, etc.), and

estimates of SUSY "mass scale” and SUSY inclusive cross-section

— first indications of candidate models (to be investigated more fully with
subsequent exclusive analyses) in rather model-independent way

F. Gianotti



m SUGRA, A =0, tan p=35, 1> 0
CMS 5 ¢ contours ; non - Isolated muons Common cuts:
| | : :
| £ (200 1) CMS -->2 jets, E;1>40GeV [n] <3
1400 — T 100 o' — —- MET> 200 GeV
25 ol
=T, RS s I L
1200 — TN T — Leptons :
N, et i Ere>206eV In| 25
. . RN (isolated)
1000 — e 5 S - ur : E;*>106eV |n| <25
g, el (isolated or not)
n \:—..
> BOO 408 s =
2 2033 5
E -_. .\‘\ E‘EDS
£ S "
600 — . — : :
R X Jets + MET gives highest (and
Y, most model-independent) reach.
—af ~,\*’::"f )
400 oo ', ,
'“‘f{}% n Lepton signatures are more
. Rt model-dependent (e.g. a lot of
LY ' i
200 — -y E 1s at large tanp)
- visibility of dilepton &
structure o
| | | °
0 500 1000 1500 2000

. Mg (GeV)



Discovery reach vs time with most powerful Jets + MET signature

T 1400 S

E - E. m&: Signature

— = 5

= tan( ) =10, u >0, A,=0
1200 .
oo TR RO

500

BT ' '
—l-\_‘__““\.‘ Sy . ) . \'\.

=
5 g ¥ .

600
400
200

up to

0
0

But : it will take a lot time to understand the
7| detectors and the backgrounds ...

ATLAS
5c discovery curves

Y

band indicates factor *+ 2 variation
in background estimate

~ ~ 100 days :
up to 2.3 TeV

1.5 TeV

Discovery reach for squarks/gluinos

200 400 600 S00 1000 1200 1400/1600 1800 2000

M (GeV)

Time mass reach

1 month at 1033 ~13 TeV
1year at 1033 ~ 1.8 TeV
1year at 1034 ~ 2.5 TeV
ultimate (300 fb1) ~25-3TeV




Events/ 5 GeV

Backgrounds will be estimated using as much as possible data (control samples) and Monte Carlo

Background process
(examples ....)

Control samples
(examples ....)

Z (— vv) + jets
W (- 1v) + jets
tt— bivbjj
QCD multijets

Z (— ee, up) + jets
W (- ev, uv) + jets
tt— b/v biv

lower E; sample
*

normalization

Additional handles from changing
(loosening ..) cuts, varying the number
of leptons, etc., which will change
the background composition.

normalise MC to data at low MET and use it

point to predict background at high MET in "signal” region
1 F DO e DATA
2 E e MC (QCD, W/Z+jet .
0 E1 (QED R A lot of data wil
3 ? . most likel
: — 2 “e” + 2= 1jet sample be needeczll
4 = -
(2] 3 l | l: | l.-. - ...l e, A R ]
20 30 &0 70

F. Gianotti
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First/fast determination of SUSY mass scale and cross-section

4
miss . g e e
Use e.g. the "effective mass”: Mg =E; " + ZPT (et;) (GeV) | Best sensitivity from
=l Jets+ MET+ O/ topology
Il:l I 106 = 1T T 1 T 171 I T T 1 | (L I_E
- m (q, g) ~ 800 GeV = 10° ;_ m(q,g)~ 1TeV _; o signal
) = 3 ;
I~ o - 5% . total background
o
* T 10’ o 1t
imn 10 ~— 10 B A —=
3 2 E P 1V Zijets
" % 10'E O o A Wejets
£ 10 -0 -
= & F % 1 0B
- T @O or —O— .
g 1o =10 ~O— E
= - ]
.12 g 1 7 {} |
o s 10 & =
II:'II: 100 i 1 L~ 1 | G P P I 1 I—‘—I# b | |
0 4000 0 000 2000 3000 4000
I, \(Gav] Meff (GeV)

Peak position correlated fo Mgy, =min (m(q), m(g))

Area under the peak correlated to SUSY cross-section

F. Gianotti

More precise definition:
_ Zio-iﬁii m” (LSP)
susy Zio-i B Zio-iﬁli
Zio-i

M




MSUSY

MSUS\/

SUSY mass scale (~ model-independent)

(GeV)

mSUGRA : 5 parameters

e

4'

mSUGRA

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Meff (GCV)
3 E
"Constrained MSSM" with 15 parameters
S D
- ) .-‘F . ) L] .'I. -
'ﬁ. > . i.. * ..
ot . ¥ Mssm

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

M (GeV)

Intrinsic spread from model parameters

(infinite statistics, no experimental error):
~ 2 o/o
T "'10 o/o

mSUGRA
constrained MSSM

G‘bo'hli%]

20
18
16
14

12
10

Gmlt%}
R ST

2 EE

c588828

% precision on Mg sy VS Mg sy

(a) mSUGRA
B 0w
$o 484
. "
*‘%‘U‘#*

] o

“® .

R TS GRR Y %ﬁ

300 400 500 600

MSUSY

700 300

(GeV)

900

1000

(b) MSSM

v
& i

# : **35;
r - R YT TR AL LA,

o
.1!-'

ﬂinoui*

-3
:
‘e

.1
L]

[+

g.

D.Tovey

% 10 fbt
© 100 fb!
® 300 fb!

conservative !

|
300 400 500 600 700 800 900 1000 /

Including experimental uncertainties (~50% from
background subtraction, ~1.5% from E-scale):
<20% (10% ) mSUGRA for 10 (100) fb!

< 60% (30% ) constrained MSSM for 10 (100) fb-!



SUSY cross-section (more model-dependent)

D.Tovey

Precision on measured SUSY cross-section vs Meff oy

E‘MHH:%:.

cmsm 8L g5 &5 2

T patal (%)

8523828 E2%8

T
(a) mSUGRA "
*
L ##
- .
e it
§ ﬂ#g_ a
i o
:i 3 t * - * ‘%g: é oiﬁ
!" ~t
K : 's.w&n-& o vo Mithos
i o
|
300 400 S00 o600 700 SO0 900 1000
M Fsusy ( GevieY)
' &)
(b) MISSM
*
L ] -
t
b1
R T Y- j; “
% e LT B
‘s \8’.: .
! m. [ ] -
|
300 400 S500 o600 700 SO0 900 1000
M Fusy ( GeVic?)
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% 10 fbt
© 100 fb-
® 300 fb-

1OED4

1OEOS5

LOE-06 |

1O0E-O7

gsusy (mb)

1.0E-08

1LO0E-09

Including experimental uncertainties :
<30% mSUGRA for 300 fb-!
< 80% constrained MSSM for 300 fb!

Theoretical SUSY cross-section vs Meff oy

s mSUGRA
A MSSM
+ GMSB

1.0E-10

500
Mass (GeVic)



dictated by offline

Can we trigger on SUSY events ? Computing cost

- LHC frigger must reduce 1GHz pp interactions — 100-200 Hz tfo storage 4—,

* No problems for SUSY triggers in most cases: SM rate acceptable for SUSY-like final states
- Potential exception : Jets + MET signature for light masses close to Tevatron limit, where

Rate (Hz)

low thresholds on jets and MET needed — potentially large rate from QCD

Inclusive jet rate (cone AR=0.5)

= 105_ ..........................................................................................................................................
_ T
107! e In-time GendJet X 104
N v .
108} S 10° A A no jet cut
‘I'F Q
105 | v L2 uncorrected S 10208 Q1 jet > 50 GeV
\ CMS : full GEANT ;g o. A ® 1 jet S 80 CeV
104 ¥ a Signal GendJet . . 10 = Oo
N simulation of o 02 01 jet > 140 GeV
LA R QCD background 1 E '.foﬁ‘A
102 w, (for DAQ TDR) 10! ___DDDDDOC.JOA
'l.‘ —2 O .OA
10 L=2x1033 10" teQ
1 ‘‘‘‘‘‘ . 10—5.“ DL__“
----- . i DB
10 -1 tag ..*_..‘1"‘ H 10—4 . .--..
107 -5 : : ="
0 200 400 600 800 1000 0 6750 700 150 200 250 300
Single Jet E(GeV) missing E; (GeV)

— Achieving a rate of few Hz requires few hundred GeV thresholds or
multi-object ftriggers with many jets or jets + MET

F. Gianotti



m,, {GeV)

A =0, tanf=10, pu=>0

600

TH excluded
550

500
450+
400

350

300+

250+

200+

hi118)
|

150+——————
0

CMS : SUSY trigger exercise

m(%%)=70 GeV m(h)=110 GeV
m(g)=466 GeV m(u, )=410 GeV

G ~181pb tau-enriched,
4 20.190 quite enough sleptons
]

m(i‘f)=aﬁ GeV m(h)=110 GeV
m('g) =447 GeV m(ﬁL)=415 GeV
O ~213pb nothing special

5 150,180

m(Y%)=45 GeV m(h)=106 GeV
m('g)=349 GeV m(u, )=406 GeV

G ~500pb q-= g+X, g-- 3body,

6 300130 more jets, less MET

» Consider points in parameter space close to Tevatron reach (most difficult for LHC trigger)
* With and without R, conservation. For R,-violation choose most difficult case : % — 3]

» Full GEANT simulation of SUSY signal and SM backgrounds

- Optimize efficiency for a rate to storage of 3 Hz

F. Gianotti



* MET >170 GeV N
- 3 jets > 60 GeV and MET > 110 GeV

4 jets > 120 GeV Possible jets and MET triggers
-1 jet > 190 GeV, MET>90 GeV, and A¢(j1,j2) < n-0.5 " atLviz for L= 2x10%

- 2 jets>40 GeV, MET>100 GeV, and Ao¢(j1,j2) < m-0.5
* 4 jets>80 GeV, MET>60 GeV, and A¢(j1,j2)<n-0.5 )

(=)

—h

[#)]
N

(=)
o
-~

Efficiency for SUSY points:
e =0.78, 0.74, 0.54,0.38, 0.27, 0.17

oNcNoNcYcc)

....

. Y pe* *2e%
With %p °0 150 300 450 600
Eit (GeV)

Arbitrary units
Q

Trigger rate of ~ 3 Hz dominated by QCD

M) Cien in the most difficult cases, we should be able to trigger on SUSY events

F. Gianotti



However : even lower thresholds needed in some cases to
-- observe unbiased shape of SUSY signal emerging from background and measure Mg sy
-- study background and systematic effects (pre-scaling at lower thresholds should be ok here)

4 signal
BEvenTs for 10 fb 1. rbc?‘ckgr‘qunld |

10 =TT T T
i m (3, §) ~ 400 GeV

105 = Tevatron reach ||

104;— P; “e | Et(j1)>806GeV | Higher offline cuts than these
5 *.| MET >80 GeV would cut the signal peak

10 3 = +1»—+ 3
- +++ )

2 —

o H

L T‘; ATLAS uses Jet + MET trigger with
W% | : pri>70 GeV and MET > 70 GeV

1 oon O (+ MET isolation). Rate ~ 20 Hz at 2x1033

4 4
M, =E;"" + sz (et;) (GeV)
=1

Note: because of lack of resources (— staging of parts of LHC detectors and trigger being
considered) not easy to keep such an inclusive approach (which is necessary for robust physics ....)

F. Gianotti



Precise measurements of SUSY masses and parameters

» Inclusive searches:
-- SUSY discovery — must be as model-independent as possible
-- first estimate of SUSY mass scale and cross-section
-- first indications about model from inclusive features : e.g. GMSB (if many Y's or heavy stable
charged particles), R,-violation or conservation (from MET spectra), large tanf (many t's), etc.

» To progress further, measure as many sparticles (masses, decay modes, efc.) as possible
— constrain fundamental parameters of theory

* One example shown in detail here : "LHC Point 5" of mSUGRA
-- how data analysis could be carried out step by step

-- determination of sparticle masses and model parameters
* A few other examples for mSUGRA with/without R -violation and for GMSB

!

-- Deduce some "model-independent lessons”

-- Deduce what the LHC can do and cannot do (in general ...)

F. Gianotti



General strategy and starting point

* Select exclusive decay chains

- %9, is invisible — no mass peak can be reconstructed directly
However: constrain combinations of masses by measuring mass distributions
(in particular kinematic end-points) of visible sparticles.

* In general, the longer the decay chain the stronger the constraints (— GMSB better than SUGRA)

» Starting point is end of decay chain, i.e. %, decay (x* less useful)
Then go up the chain to the primary squark and gluino.

800

Ay=0, tanB =10, u<0 |[;

700 - 77,

m, , (GeV)

* Most useful decay modes of %%, (BR depend on
involved masses, x° , , field composition, etc.) : o

500

%% — h % N
%% — z x°1— 00 %%

v, — (0 —00%" (gives enhanced leptonic BR)
x%2 — 00 %% 3—body decay through Z*, 7 * =

300

In particular y’> — Tt can dominate at large tan/3 0o

0 200 400 600 800 1000 1200 1400

F. Gianotti m, (GeV)



"LHC Point 5" Mo = 100 GeV, m 1,,= 300 GeV,
Ap=3006GeV, tanp=2,u>0

Inside region favoured by cosmology: gives correct relic neutralino density (light sleptons)

SUSY spectrum .
Total SUSY cross-section : = 19 pb
g, = 690 GeV g = Ti0 GeV == s b
Mgy = B60 GeV | ;= 630 Gev 49 =P
m; = 400 GeV m;, = 710 GeV qg ~8pb
;. = Lof ey m; = 240 GeV
I i ~~
rrige = 121 GeV triga = 432 CaeV gg ~ 2pb
My = 93 ey Mg = G40 Gey ’E’l’a ~0.7 pb
77 ~65fb

Excluded by LEP. Limit can be evaded

raising tanf — 6 (m, —» 114.8 GeV) with

~ no impact on phenomenology except that

BR (x%— stau-tau)~75 %

Here goal is illustration — we ignore LEP limit
Large tanp region discussed later

F. Gianotti



Main decay modes

Decay BR
i ¥ qg 650 | —
hiy 25 %
Eot 15% | —
ar. b o] 33 % ———
tid | 65%
iR ¥ o ey | «—
ty » Tt R | ——
Yol 9%
Y1 21 %
5 > vl 68 %
frl 27 % -—
i » L 98 %
¢ > ¥ ol 100% | «—
h » bb 8RR | —m
Start from bottom of chain = look for:
%% — h % — bb %%
xoz — Ll = ffxol Main source of %%, : |q, — qx’»

F. Gianotti



Select events with :

- MET > 300 GeV
- 2 b-tagged jets pt > 50 GeV

© Reconstruction of h — bb

} ~ model-independent

After additional cuts (e.g. lepton veto)

[ T T T 1 ] T T 1 [ T T 17 T I T 1T T 1
800 [— : —
Point 5
i ATLAS i
L B B : JL::H:BHII‘H:)b'1 :
1000 [-FointS ATLAS = 00 | _ signa
750 = JLdt=3-1D o = E i SMbackg |
= — aignal 1 __ SUSY backg
L — I B m
500 — 4L e SM backg = £ 400 [ ]
250 F- et oS __ --- SUSybakg § & | | O~ 13 GeV I
0 = _;r i‘fl1JJlJJ_J_r Y et - J i 7]
0 100 200 300 400 200 — ]
LT LLHI - i
D ) | i | ) | | | | 1 | | | I | .| )
m,, can be measured to: 0 100 200 300 400
-- ~1% from h — bb my, (GeV)

(dominated by systematics on b-jet scale)
-- ~ 2% from h — YY

(v scale known to 1%. but low rate — need 300 fb!) In general, for exclusive channels
main background to SUSY is SUSY |

F. Gianotti



: a O | ~ A~~~ o~~~
® Reconstructionof qp — qxe qL from q:9,9; &, g8 (g - qu) production
>h %
L, bb m(q,,y%’,,x",)=690,232,121 GeV
q—y29, x2—>hys, h—bb
[ T 1 I T 1 ] T 1 ] T 1 ] T 1
" Point5 N - Select events with m ,, = my, + 25 GeV
100 I ATLAS 1 + Form invariant mass of bb pair with

- Ldt=310*pp" o ¢ two hardest jets in final state
i | i * Plot minimum of fwo m,,,; masses

-5 | — signal _
- SMbackg
i ___ SUSY backg |

50 |— End-point clearly visible (due to 2-body kinematics):
i ) M2+ M- u.;+q|'lu¢. Mi - MZo) —aMiMI,
- ] - Mt = MMy L . LY
i | ] ¥
i T
- R VR Can be measured to = 1.5% for 30 fb!

0 : i ':||. T S Y ]r__.__L_ — constraint on combination of aL’ on ) Xol masses

0 200 400 600 BDD 1000

My, (GeV)

. oianol il

If x°;, masses known, squark left mass can be
measured to + 7 GeV (jet scale !) for 300 fb-!

|



: 0 ~ =
©® Reconstructionof ¥ , = (3! € H
L /50, m(x’,, le>x",) =232, 157, 121 GeV
o . 0
Ao— 1= :
S e Select events with :
. Point5 ’ - MET > 300 GeV
400 ATLAS -> 2 jets pr > 150 GeV
i JLd=310%po™ ] - 2 opposite-sign same-flavour leptons p+ > 10 GeV
i — signal |
EBUD ol e SMbackg
+ f ___ SUSY backg -
£ [ i End-point due to decay kinematics :
2200 |- —/
E M = MiES 1 = 1(B93 GeV
100
o Bl o e Can be measured to = 0.5% for 30 fb :
0 50 100 150 200 — constraint on combination of %’,, /.y’ masses

m, (GeV)

Background can be subtracted using OS-OF pairs :
ee” + - (ern +ep)

F. Gianotti

If x°;, masses known, slepton right mass can be

measured to + 0.5 GeV for 300 fb-!




Note :

- difference in edge position for e*e” and pu*u- distributions would indicate m(ji;) # m(€; )

— precise measurement of end-point crucial — sensitivity to = %0 mass difference expected
v, — (0 (rather than 3-body x°%— ¢*¢-¢%) from large signal rate

- evidence for 2-body _
(same order as for h — bb)

Furthermore ...

Ratio of lepton pt' s sensitive
to distance of slepton mass from
%% and %%, masses

m(x°,, 0y, %" ) =232, 157, 121 GeV

F. Gianotti

800

600

events

400

200

For fixed m (%) and m (x%,), distribution sensitive

:Ill ] | | ] | I | | ] | 1 | | I | 1

L I LI

Point 5 ATLAS

[Ldt=3 10* pb™

..... m, =157 GeV
— m; =142 GeV
m, =172 GeV

--- SM+ SUSY bg

| - - = - - =

L

(L ] 11 ] L

TS | BT RR R ST A SR U

]

0.2 04 0.6 0.8
p{l)/p+(4)

to a few GeV variation of slepton mass

1



@ Reconstructionof q — G %% Q 0 )= 690,232,157, 121GeV
~ m qL)X 29 R) (&
L7 0
> L%
q, produced from --q, q; Am (q, —y’,) =460 GeV
-9, Tx (G = ax’) Am (q, —1°,)=540GeV| = hardest jets in the event
--88,8q withg >, q Am (g-q,)=80GeV from q, , decays

©® m(/*r") distribution constrains combination of m(x’,), m(7,), m(x")

® combine (*¢- with each of two hardest jets — m(/*/7))
-- the smaller of two m(¢*/- j) should be smaller than end-point of squark left decay chain
-- the larger of two m(¢*/- j) should be larger than "threshold” of sq uark left decay cham
— these mass spectra and edges constrain combination of m(q, ), m(y’,), m (/). m(x")

© for smaller m(¢*¢-j) combination, plot the two possible m(/*j) combinations
— distribution constrains (Through the "right” combination where ¢ is from 2, )
combination of m(q,), m(x°,), m(Z,)

F. Gianotti



Events'20 Gev'io0 &'

2

§

Enventsi0.5 Ge 100 i

g

3

K
2

3

]

[0 K] S
-| exp. precision ~2 %

m (/¢) spectrum
end-point : 109 GeV

exp. precision ~0.3%

Il (G&)

m (¢2j)m% spectrum
threshold : 272 GeV |

200 00 a8 8] g oo
My iG=V

ATLAS
100 fb!

Events/20 GV o0 1!

[
=)

-
E
3
R
;

=)

B
2

1500

1000

m (¢¢j)™n spectrum
end-point : 552 GeV [

exp. precision ~1 %

200 400 a0 - EJJI I Ill:i:'J
My, (el

m (¢%j) spectrum
end-point : 479 GeV

;\ exp. precision ~1 %

| Tl o1
400 =0 20 100
B (i3]



bb  Putting all constraints together: | m (bbj), m(2¢), m(£j)mex, m(eej)min, m(£j)

— h %% ﬂ
d.->q9%x% _
L / . .. 1
LR Sparticle mass | Expected precision 100 fb
0 x%

squark left + 3%

$°, + 6%

slepton mass + 9%
250 | ' 0 +12%

Am (%) / m(x0) | L% il S —
200 = i Am(q.)/m(q,) “
1 B0
1= ﬁ? ) m (reconstructed) - m (frue) X
- \ m (true) ﬁ =
\ g
S0
- %, J
a -l::.-l- . -az2 6] oz l:l!‘-l:
.'.r.1|.1'.1| a | |
-04 -0z o oz o4

* These errors larger than from fit within mSUGRA (see later ..), but here My

~ no assumptions about underlying model. Constraints just from kinematics distributions.

» Interpretation (e.g. squark left is source of %, and not squark right) is model dependent,
but in most cases more general than mSUGRA

* In general, long decay chains give multiple constraints on masses through kinematic distributions

F. Gianotti



© Reconstruction of pp—> /11~ — (39, /y°, m (7, ,0,)=157,240 GeV

- 0=65fb l=e, U

BR (7 — (%" )=100% — look for 2 acoplanar leptons and no jet activity

- Event selection: -- MET > 120 GeV

—- 2 0S5-SF leptons pr> 30 GeV these hard _
-- Ag,, <25 (to reject WW) cuts kill £y £y
-- no jets py>406GeV (toreject t1, SUSY background)

ATLAS Point 5 Left—handed sleptons 3 X 10° pb™’

%’250
& -
S 200 | B Bockgrouns (SW4SUSY) py distribution of lepton pair provide constraint
200 — T N 3 0
2150 | m(l) = 239 CeV oh combination of ¢, and y°, masses
=) [
5100 -
£ 50 L Tiny rate : S = 600 evts, B = 280 evts for 300 b

0 b A e — need ultimate LHC luminosity

i (Cev)

T
S 250 | o If %%, mass known, slepton left mass can be
X200 | B Sockground (SM+SUSY) measured to few GeV for 300 fb!
2150 m(l) = 229 CeV
8 ¥
M 100 ~  ~
2ot This is one of few cases where direct ¢+ /-
ol production (small cross-section, large backgrounds)

0100 200 300 #0050 g0 observable at LHC. Typical reach m(¢)< 350 GeV




® Reconstruction of tt pairs — g, t masses

- In general, observation of 1 pairs in SUSY events could be sign of
tt direct production or g — tt (E —ty* can also contribute)

- Direct pr'oduc’rlon has small cross-section because of structure functions_
(no 11 pairs in the proton sea) — large signal would indicated that g — tt isopen

- SM tt production can be rejected asking fully-hadronic t+ — bjj decays and large MET

* To look for a 11 signal at Point 5 (rather model-independent cuts) :

-- 2 b-tagged jets pr > 30 GeV, >4 additional jets p> 30 GeV
MET > 200 GeV , no charged lepton

-- All jj pairs with m; = my, = 15 GeV considered and two mj;, reconstructed for each jj pair
-~ Pairing that mmumuses %= (M -my)? + (m;,@ -my)? chosen

F. Gianotti



Inclusive tt sample at Point 5

_1 [ T | l T | | [ [ | T [ | I T [ | |
Point 5
ATLAS i
400 — Ld=310%pb"  — 200
- B ___ susy - >
8 = - SM 1'1' _ (0]
© o
1]
s 2100
e o
® 200 (— >
0
| | | |
%0 100

F. Gianotti

. After subtraction

~ 1200 evts with

both m,=175+30 GeV

ATLAS

JLdt=3 10% pb™

— SUsY
..... SM tt

{side-band subtracted)

200

My, (GeV)

Such a large signal indicates

that |g — tt isopen




From this inclusive t+ sample, try to get some sensitivity to:

/\

g — tt

0

Direct tt —>ty’ ty

1

-- additional activity in the event

— ask additional jet p;> 300 GeV -- no additional activity — veto additional jets

-- my; distribution sensitive to gluino mass

-- low rate : 6 x BR = 300 fb, e = 1%
— need 300 fb1

S S -- p1 (top) distribution sensitive to stop mass
200 o= _
i f_ll — S5+B ]
I SR U DU Bk
0 500 1000 1500
S
E?u [ I I I | | [ I | T ] [ |
<200 —
G = , m_ =767 GeV -
2 . Point5| ---._ 9 | . bi .
s | - | | corLs’rr%mes on combination of
I B B [ s S I B o
: % 500 1000 1500 g, t,) 1 masses
200 | | | I | | | | | | I | | I
i 1 m_ =837 GeV
0 i L1 1 |J | I_: [ T R R R |
0 500 1000 1500
m, (GeV)
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Summary of measurements for Point 5

ATLAS
Measured quantity Value (GeV) Error (GeV) Error (GeV)
30 fb-! 300 fb!
m, 92.9 1.0 0.2
My, jmex 552.5 10.0 5.5
M, min 346.5 17.0 17.0
M, max 108.9 0.5 0.1
M, max 478.1 115 5.0
ijmax/ M, jmex 0.86 0.06 0.02
M, min 271.8 14.0 5.4

Particles directly observable:

~~

aLbaRDgﬂtla

!
Py

!
—
=
N
-

Note : not all possibilities of mass combinations explored ...
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Next step : global fit of MSUGRA to all experimental measurements
= determine parameters of underlying model

30 b 300 fbt
- me 100.0 1 GeV 100.0 + 1.3 GeV
My, 300.0 £ 2.7 GeV 300.0 + 1.5 GeV ;
tanp 200 +0.1 200 +0.05 LHC Point 5
i + +
Ao unconstrained unconstrained

\ :

Mixing parameters at the EW scale (A;, A, A),

determined from measurements of stop, sbottom, stau AN I LA BRI
final states, are little sensitive to Ay at GUT scale e B
(RGE cause them to evolve to ~ fixed points with little - | -
dependence on A) Ysa0 1000 =1 0 =
A, G
| 1 1 I 1 ] ] I 1 ] ] I 1 ] ] -
25 | £ 3
u : 1 1 1 I 1 1 1 1 1 1 I 1 1 1 :
-1E0 -10aQa -5140 ] S0a
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P1-P5 : 5 original "LHC Points" ('96)
P6  :very large tanp point
: from "post-LEP" benchmark (CMS study)

Other mSUGRA points studied in detail :

= = o= -_:_: = | joeoeos | | e = --'--.'_,1I_LI1I | | I | [ I
%‘- P _h_'_n,__ a) tanf=2_ % S _"=-.,_‘c]I tanf=10
800 & (2000) T RO & (2000) =
i . % o1 e Ei _— F%,_ Tei
] B . e L ) -‘-"-.. '-1‘ -
T BODE R0  an BOO B E1500) 1, -
=2 o, . 3
E
o
. | LI I_
ﬁ: S .. b} tang=2_
El}ﬁi £(2000) <~ =1 Boo -
-1l S N ’%H 10 7 i 130
= = o, < ] ;
T BODEFE(1500) e ——%—— GO0
3 = e 5 = -
—— G ﬁ?%;;" i |
o o 77 . ﬁ
g 400k &Pl — " '  400F :
®ps gl = e
1anp=20_go o3 Ty % e
. ', 8(800) : 1 e L i S
o P e T T R o B
_ a 500 1000 1500 2000 0 500 1000 1500 2000
my (GeV) my (GeV)



Mo = 200 GeV, m /o= 200 GeV,
Ap= 300 GeV, tanf =45, u<0

Very large tanp models : ex. " Point 6 *

BR (g —bb)=55% BR (b, >bx3)=40% m (3 )~ 132 GeV
0 _ =\
BR (x, = 7,7)=100% m (3',) ~81,152 GeV
I m (g) ~ 540 GeV, m (b,) ~390 GeV

experimentally more difficult than x5 —hy, 7/
because of additional neutrinos

- Select events with two OS hadronic taus p; > 20 GeV Real T from SUSY |-

+ high-p+ jets + MET
ghpr Jets ' \ ) Fake 1 from SUSY
: (jets from 9.8 )

E
=
I

* Reconstruct M. = invariant mass of fwo 1t-jets
[M_;(rec.) ~0.7 M_, (frue) because of escaping v 's]

Expect end-point at M, m™*=5966eV — & aa | . - o

ms'24 G0 b
1

9

SM backgéound

* Background can be subtracted by looking at

I :.I el i L
» End-point can be measured to ~ 5% N ’ = M:'ﬂ (G;\E/) o
* Then combine 1t with b-jet = reconstruct b, —by" o

- Exclusive measurements possible (at least for light SUSY ...) but with smaller precision

distribution for t*t - t™t* P L <
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Background-subtracted distribution : t*t - - t#1*

I B B B B T I
000 _
=]
=
=
&

E1n:u:n:| -
;
o Lo, A A T A T

0 100 200 400
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Expected precision on mSUGRA parameters for 5 LHC Points and large tanf} Point

Point m, (GeV) m, , (GeV) tgfd

1 400 = 100 400 £ 8 21+0.02
(25%) (2%) (1%)

2 400 + 100 400 + 8 10+1.2
(25%) (2%) (12%)

3 2005 100+ 1 2 £0.02
(2.5%) (1%) (1%)

4 800 + 35 200+ 1.5 10 £0.6
(4%) (0.8%) (6%)

5 100+ 1.3 300+ 1.5 2 £0.05
(1.3%) (0.5%) (2.5%)

6 218 £ 30, 242 £ 25 1968, 194+6 |44+1.1,45+1.7

fanf = 45 (~ 10%) (3.5%) (~ 3%)

F. Gianotti

ATLAS
300 tb!

sign L determined
except Point 6

A, ~ unconstrained
except Point 6



Remarks :

* Only mass distributions used here. Much more information will be available in data:
cross-sections, branching ratios, many additional distributions — we will use everything
— many more constraints. In this respect, these results are conservative.

In addition, these 6 Points are not particularly "LHC-friendly” (chosen by J. Ellis ...)

» Constrained models like mSUGRA can artificially improve expected precision
on model parameters because of high correlations between masses, etc.
However :
- impossible in practice to work in general MSSM (~ 100 parameters, not predictive enough)
without experimental data to provide guidance
- constrained models nevertheless provide useful benchmarks for study of LHC potential,
detector performance, main analysis strategies
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R-parity violating SUSY

* Considered case: only x% decays violating R-parity (A ~ 10-2)

* MET signature lost but %% mass can be reconstructed in many cases — full reconstruction
of masses in decay chains.

= Precision measurements and constraints of underlying theory equal/better to/than
Rp-conserving mSUGRA, except in few cases (e.g. LLE with x%— 1/v)

uDD
x%— cds

Point 5

oo B 884888

3000

||||||||||||||

2000 [— —

Point 5

1000 — —

11 111 1 L Lol ol )
0 100 200 300 400
B rjnjj!(GeV)

&aa

4440

Eventsbin'ad b7

200

LLE

01— euv

Point 1

a 10a 200 fuliy]

My, (G=V)

~
=

x% measured to (30 fb-1):

% UDD
% LQD
°/OO LLE

More work needed to optimise
x°%— jjj reconstruction
(algorithms, etc.) for light
masses (~100 GeV)



Gauge-Mediated SUSY Breaking

~

LSP=G  m(G)<KeV escapes detection

5 4
100 F
Phenomenology depends on nature and lifetime of NLSP:  ¢7 =100 ’um(m(NLSP)J (100 Ter

NLSP= 7 /G

ct<< Ly leptons+ MET
ct = Lg Kinks ininner detector
ct>> Lg+ heavy stable charged particles

NLSP =

cT << L4+ two photons + MET
ct = Lgy hnon-pointing photons
ct>> Lg+ mMmissing Et

W —vG

In most cases easier than SUGRA (4 Points studied)

-- additional/exotic signatures from NLSP decay

-- long decay chains

— parameters constrained to ~ % in minimal models
(no SUGRA solution found)

NLSP=T7,,c7~1Km

Stable, slow ( B < 1) charged particles — give
delayed signal in muon chambers (G, ~ 1 ns)

m measured from f and p
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SUSY Higgs sector at the LHC

5o contours omomter 200 Assuming decays to SM

Q0 T \ particles only
o r/[
0 S
7S H,A—puu, 1t
* ) H* —1v,tb
10 ngiﬁ:% — - .
91 = L) 4 Higgs observable
; 7 3 Higgs observable
= / | 2 Higgs observable
s “’ AN == || 1 Higgs observable
| _/LER 2000
3 / N R
2y '
b, H, A, H?
~h | '
YN N\ ™™\
50 100 250 300 350 400 450 500

m, (GeV)

Here only h (SM - like) observable at LHC, unless A, H, H* — SUSY
— LHC may miss part of the MSSM Higgs spectrum
Observation of full spectrum may require high-E (Vs = 2 TeV) Lepton Collider
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Can we deduce some general "model-independent” lessons from these studies ?

© SUSY should be discovered at LHC up to m(q,g)=~2.5TeV

® h should be discovered, mass should be measured to 0.1%-1%

© Several precise measurements of SUSY events should be possible :

-- If squark and gluino masses are not both > 1 TeV
(otherwise statistics may be too small to select exclusive chains)
-- %% decay [ x°% — h x%, x% — /%%, 1 excellent starting point for moderate tanp.
For tanp > 20 : BR (3%, — stau-tau) — 100% = reduced measurements/precision expected
-- Kinematic distributions (peaks, edges) provide constraints on combination of masses
which depend only on the involved masses. If decay chains long enough, these masses
can be reconstructed in "model-independent” way from pure kinematics.
Observability of these chains and their interpretation IS model-dependent.
-- In general, more powerful measurements in GMSE (richer topologies, longer
decay chains) and R _-violating models (x°; mass can be reconstructed directly)
-- A large amount of imforma‘rion will be available in the data (only partially exploited here)
and all possible distributions will be used.

Note : ATLAS and CMS very powerful and multi-purpose detectors
(see e.g. case of "new" GMSB signatures)
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® So .. after initial discovery phase, one could :

-- Look for general features : Is there large MET ? Are there many leptons ?
Are there "exotic” signatures (many vy's, heavy stable charged particles, kinks
in tracker, etc.) ? Are there many b-jets and taus (could indicate large tanf) ?

- ,eqg.:

— may indicate stop, sbottom in final state
-- Look for n leptons + MET and nothing else:
-- (*/-+ MET may indicate slepton-pair production
-- 3/ + MET may indicate x* ;%% — 3/
-- 4/ + MET may indicate A/H — ¢% %%, — 4/
-- Explore Higgs sector (e.g. look for pu and 1t peaks)
-- efc. etc.

- At each step we should narrow spectrum of possible models and get guidance to go on
» Joint effort theory/experiments will be essential
* More complicated signatures (e.g. involving combinations of jets) require much more work ...

Note : to test this strategy, LHC experiments are planning to do "blind search” simulation
studies before LHC start-up
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What the LHC can do and cannot do .....

Note : these are few examples/indications and not absolute principles ..

Model A B (i D I § (3 H | J K L Y|

Set of mMSUGRA MMy 2 GO0 | 250 | 400 | 525 | 300 | 100OO | 375 | 1500 | 350 | 750 [ 1150 | 450 | 1900
benchmark poinTs Mg 140 | 100 | 90 | 125 [ 1500 | 3450 [ 120 | 419 | 180 | 300 | 1000 | 350 | 1500
compaTible with _Lan}.'? 5 10 10 10 10 10| A M| 35| 35 35| a0 A0
. Algn | g + + + - + + + + + + - + +

pr‘eSenT COhS'I‘I"ClInTS —_— Illl:l_ ”'J__r"l |. |. l |. |. |. _'! |_ _'! '! _'! '! |.
[hep-ph/0106204] 1+ ol 1| 1| o o of 1| of 1| 1| 1| 1| o
i/ 'E-:- 3 f 3 3 £ | 3 0 3 l l 3 0

slephons 0 0 3 0 0 0 A 0 A 0 0 l 0

—>| squarks 12 12 12 12 12 0 12 0 12 12 12 12 0

—>| gluino 1 1 | 1 1 1 1 0 1 1 1 1 l

In general, the LHC can ... (examples ...)

In general, the LHC cannot ... (examples ...)

Observe h, measure m,
Discover q,g upto~25TeV
Observe t from g — tt if m(g)<1TeV

Observe 7 production (direct or
from decays) up to m ~ 350 GeV

Observe some gauginos
(in particular %9,)

Constrain model parameters at 1%-10% level

Observe A H,H* over full parameter space
Disentangle squark flavours for first two families

Observedirect t production if m (t)>600GeV

Observe heavy ’

Observe and measure the full gaugino spectrum
(in particular x*)

F. Gianotti
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Nb. of Observable Particles

Hl gluino Il squorks H sleptons I v
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0.1

CMSSM Benchmarks

5 LHC

I LEGCJAMHEF KD

E Vs=3TeV

I LEGCJAMHEFKD

F. Gianotti

35

a0 |
o5 F

20
15
10

5

0
|l LEGCJAMHEFKD

- =
[ R 5 B

E V5= 1I-DTEV

L1 1 1

i
. ]
— ]
- ]
C i
. 1
— ]
]
i
]
]
]
i
l
i
i
i
l
i
i
!IAI'I 1. I
5 e e e TS T B [ I FST

E Vs=5TeV

I LEGCJAMHEFKD

o R T )

th o
(,-01)"00

In general :

 LHC most powerful for ¢ and g

(strongly interacting) but can miss some
EW sparticles (gauginos, sleptons) and
Higgs bosons

- Depending on s, LC should cover

part/all EW spectrum (usually lighter
than squarks/gluinos) — should fill

holes in LHC spectrum. Squarks could also
be accessible if Vs large enough.

LC can perform precise measurements

of masses (to ~ 0.1%), couplings, field
content of sparticles with mass up

to ~ Vs/2, disentangle squark flavour, etc.
(see lectures by M. Battaglia)



Combining both Colliders

— 500
:_;
From precise measurements of e.g. =
gaugino masses at EW scale :
400
M4

from LHC (precision ~ %)
M;, M, from LC (precision ~ %o)

SO0

reconstruct theory at high E

200

EW — RGE — GUT

Blair, Porod, Zerwas

M,= m(@
(from LHC)

My,

L]
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Conclusions

» If SUSY exists at the TeV scale, it should be “"easy” and "fast" to discover it at the LHC.
Ultimate LHC reach for squarks and gluinos: m = 2.5 TeV

* The main challenge is therefore not to discover SUSY, but to observe the full spectrum
and perform precise measurements.

- Discovery of squarks, gluinos, h should be “granted” in most cases, observation of
heavy Higgs bosons and EW sparticles is more model-dependent
> LHC may leave holes in the SUSY spectrum.

- Several precise measurements of sparticle mass combination should be possible, and should

allow the underlying theory to be constrained.
Typical accuracies : 1-10% (demonstrated in minimal models).

» Several model-independent searches (e.g. semi-inclusive topologies) and analysis
techniques (kinematic distributions) have been developed.

Given also the large amount of information in the data, in particular in the rich
cascade decays of squarks and gluinos, it is possible that a similar accuracy can be
achieved in more general models than mSUGRA and mGMSB.
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