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_ MSSM: Minimal Supersymmetric
* Supersymmetry (SUSY) is a fundamental Standard Model (has >100 parameters)

global symmetry between fermions and

bosons. SUSY is one of the most attractive n

extentions of the Standard Model (SM).

= Motivation for SUSY:

= Higgs mass stabilization against loop
correction (fine-tuning problem).

=  SUSY modifies running of SM gauge
couplings just enough to give “Grand
Unification” at single scale.

=  (Offers a candidate for dark matter.

= All SM particles have SUSY partners with
spin difference of £1/2.

o i R-Parity: R = (-1)3B8+25+L
SUSY partners of SM particles not "R 2 +1 for SM particles

X5

Minimal Supersymmeiric Standard Model (MSSM)

w
2

observed at the same mass scale: - R = -1 for SUSY partners
= SUSY must be a broken symmetry at If R-parity is conserved:
low energy. « SUSY partners are pair produced.

B} : : (R is a multiplicative quantum number)
Varlo_us pOSS'ble_SUSY symmetry * Lightest Supersymmetric Particle (LSP)
breaking mechanisms proposed. is stable, candidate for dark matter.
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ATLAS and CMS are two general
purpose detectors at the LHC built
for SUSY discovery as one of the
main goals

First beam event
September 10, 2008 CMS

Fite Yiew Window Debug Help > altix
sl a5k SE L NG

http://atlas.ch
first beam event seen in ATLAS

Energy deposits in:
 electromagnetic calorimeter
* hadronic calorimeter
Hits in:
resistive plate chamber (RPC) muon system
« drift-tube
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- Arntis s Ll ) )
ATLAS 2008-09-10 O £6 CEST H igq-mon-15:24242 rumnB7764 evi13779 geometry: <default Atlantis

Nner-»

Detectors are ready, see talks in the
“First Results from LHC” session
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=  SUSY breaking mechanism determines phenomenology and search strategy in
collider experiments.
= mSUGRA, GMSB, AMSB, SO(10) SUSY GUTs, Split-SUSY, ...

= Two classes of SUSY models:
= Standard SUSY with R-parity conservation:
= 0,1, 2 leptons + = 2, 3, 4 jets + E,Miss
= photons, jets, E;™Miss
= taus or b-jets + E{M'ss
= Without E;™sS; namely multi-leptons, di-jets
= Non-standard SUSY - special signatures:

= Late NLSP — NLSP decays A Displaced vertices

) . . Stopped gluinos in the calorimeter
= R-parity violating LSP decays \ Nor?-goin?ing photons

= Semi-stable gluinos and stops Long-lived slow massive particles

: Multi-leptons
* Resonant sneutrino — ey - Main SM backgrounds:
= Essential to SUSY searches: :m‘:t“s"wp pairs
= Understanding fake E;™ss ;| E{™ss tails . Z+jets

= Understanding SM backgrounds; data-driven bckg estimations, | * QCD jets
tably for QCD ltiziet  diboson processes

= Reconstruction non-standard signatures
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Supersymmetry
Supersymmetry Searches

Multi-Lepton Supersymmetry Searches
Supersymmetry Signatures with High-pr Photons or Long-Lived Heavy Particles

ATLAS CSC (Computer System Commissioning)
Book (2008). arXiv:0901.0512

Data-Driven Determinations of W, Z and Top Backgrounds to Supersymmetry
Estimation of QCD Backgrounds to Searches for Supersymmetry

Prospects for Supersymmetry Discovery Based on Inclusive Searches
Measurements from Supersymmetric Events

Recent/new
studies

ATLAS Post-CSC Studies:

* ATL-PHYS-PUB-2009-084: SUSY and UED discovery based on
inclusive searches, 200pb-1@10TeV

* ATL-PHYS-PUB-2009-083: Data-driven estimation of ttbar bckg,

200pb'@10TeV

« ATL-PHYS-PUB-2009-076: Discovering heavy particles with a
RPV SUSY model, 1fb'@10 TeV

* ATL-PHYS-PUB-2009-075: Discovery with b-jets, 1fb'@14 TeV
* ATL-PHYS-PUB-2009-077: Bckg estimation using Tiles method,

1o '@14 TeV

CMS Post-TDR Studies:

» SUS-09-001:
« SUS-09-002:
» SUS-09-004:
+ SUS-08-005:
« SUS-08-001:
« SUS-08-002:

« EXO-09-001:

Exclusive multi-jets, 100pb'@10TeV

Dilepton study with 200pb-'/1fb'@10TeV

Data-driven bckg est. for di-photons, 100pb'@10TeV
Search with dijets, 1fb'@14TeV

Dilepton+jets+MET channel, 1fo-'@14TeV
Data-driven est. of Z->invs. bckg, 100pb'@14TeV
Stopped-gluinos, 10%?2cm=s'@10TeV

Supersymmetry CMS TDR 1

J. Phys. G, 34 (2007) 995
13.2 Summary of supersymmetry

13.71 Introduction

13.3 Scope of present searches

13.4 Hemisphere algorithm for separation of decay chains
13.5 Inclusive analysis with missing transverse energy and jets
13.6 Inclusive muons with jets and missing transverse energy
13.7 Inclusive analyses with same sign dimuons

13.8 Inclusive analyses with opposite sign dileptons

13.9 Inclusive analyses with ditaus

13.10 Inclusive analyses with Higgs

13.11 Inclusive SUSY search with 2

13.12 Inclusive analyses with top

13.13 Mass determination in final states with ditaus

13.14 Direct neutralino-chargino production in tri-leptons
13.15 Production of slepton pairs

13.16 Lepton flavour violation in neutralino decay

13.17 Summary of the reach with inclusive analyses

13.18 Look beyond mSUGRA,
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1 T 1 T I T

A Tar
T {MESAge 1< Qh? < 0.3 ]
A3 E MSUGRA framework: Assume SUSY is broken
ki by gravitational interactions:
Label - unified masses and couplings at GUT scale.
SU1 - five free parameters: m,, m,,, A, tan(B), sgn(y)
SU2 &
SU3 E
MSUGRA, tanp = 10, A =0, u =0
SU4 21:'!{1 400 ﬁtﬂﬂ B{lﬂ 1ﬂlﬂ{l 12.{“' 14:00 16100 1SICHJ 2000
SU6 [ 2 X _
SUS. 1 R s = 12266V 1o Point
. i @ S - LM1
SU9 & . /8 11200 M3
J 5*% LM3
5 ] TM4
i m,, = 120 GeV LM5
# HM2 * HM3 1 800 ]’_M6
il
Br{ x2—+n"9) = 0.5 o LM7
m(gluino) = 2.7 m ! @ 5% LM8
5 21f2 . 5 5 A == wwne [ M9
mz(slepton] = mEIE +0.5m7 , ,m%, + 0.15m" , ool s 1 400 N0
m*(squark) = m;S~ + 5m_, L L (722 - 05 : HM1
200" 3 g m, = 103 GeV M = e 52 T2 | HM2
. 1 Teva HM
For each point see mSUGRA tron NO EWSE I—[Mi
parameters in backup slides % 200 400 600 800 1000 1200 1400 1600 1800 2000
m, (GeV)
8
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Ns=1,tan = 5,sgn(p) =+

name NLO (LO) o [pb] | A[TeV] | M, [TeV] | Cg | et [mm] Mf? [GeV]
GMSB1 T.8(5.1) 90 500 1.0 1.1 118.8
GMSB2 7.8(5.1) 90 500 300 | 9.5-10° 118.8
GMSB3 7.8(5.1) 90 500 55.013.2-10° 118.8
Ns=3.tan = 5,sen{u) = +

name | NLO (LO) o [pb] | A [TeV] | M, [TeV] | M;, [GeV]

GMSBS 21.0 (15.5) 30 250 102.3

name NLO (LO) cross-section [pb] | sparticle | Mass [GeV ]
R-Hadronl | 567 (335) g 300
R-Hadron2 | 12.2 (6.9) g 600
R-Hadron3 | 0.43 (0.23) g 1000
R-Hadrond | 0.063 (0.033) g 1300
R-Hadron5 | 0.011 (0.006) g 1600
R-Hadron6 | 0.0014 (0.00075) g 2000
R-Hadron7 | 11.4 (7.8) f 300
R-Hadron8 | 0.27 (0.18) 7 600
R-Hadron9 | 0.010 (0.0064) f 900

ATLAS CSC Book (2008)
arXiv:0901.0512

Points for
GMSB model

Points for:

» Split-SUSY model

» Stop NLSP/gravitino LSP
models
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Several data-driven estimation techniques:

«Z — vv bckg in 0-lepton mode SUSY search:
- estimated fromZ — Il , W — pv, y+jets
»« Combined bckg in 1-lepton mode SUSY search:
* m;y method (further development: combined fit)
* Tiles method
- t-tbar bckg: replacement technique
* QCD bckg in 0-lepton mode SUSY search: jet smearing
* QCD bckg in 1-lepton mode SUSY search: lepton isolation
 tt — bblvqq in 1-lepton mode SUSY search: Topbox method
 Others

Nurcan Ozturk
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= Biggest background estimation challenge for SUSY Detector jet response function
searches with jets+ E;M'sS

‘;.3 LI | LI T | T T T | LI | T T T | LI | T T T
E 10°E ATLAS E
= QCD backgrounds include: 2 ¢ Full smeating functon ]
= Fake E;™'ss: dead material, jet punch-through, pile-up, E 103;‘ %7777, Gaussian component E
other effects. How to supress: ® [ ... Non-gaussian component 1
= Detector fiducial regions 1n2_ |

= Jet - E;™'ss azimuthal angle correlations
= Calorimeter and tracking cuts
= Cosmic background and rejection cuts 10

= Real E;™'ss: from non-interacting particles such as
neutrinos or LSP

=92 04 06 08 1 12

[==]
o =]

= Two approaches to estimate remaining backgrounds: 0-lepton mode SUSY search

= Monte Carlo based estimates with 23.8 pb' @ 14TeV
= Large systematic uncertainties L
= Data-driven estimates:

= Method: Smear jet P;in low E;™ss QCD multi-jet data with a
data-measured jet response function R (ratio of measured jet
P; to true jet P;)

= Measure the Gaussian part of jet response with balance of
ytjet events

= Measure the non-Gaussian part of response based on
‘Mercedes events’

= Plot the jet response function R
= Use R to smear jet P; in multi-jet events with low E,M'ss =5l
= Systematic uncertainty in 0-lepton mode SUSY search : ~60% 100 200 300 400 500 600 700 800 500 1000

for 23.8pb! and assumed same for 1 fb™'. E; [GeV]

Nurcan Ozturk 11
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—— QCD estimate

B ocD data’
— Other SM
— su3

10°

Events / 50GeV / 23.8pb™
3

=
=

vl el vl ool s vt
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GMSB
= GMSB model signatures: two high P; photons and large E;™'ss ZI.

= Predict E;™'ss distribution in a di-photon sample from the SM processes.
= SM contribution to final state is small:

= Instrumental background:
= QCD events with no real E;™ss (from y-jet misidentification)
= Events with real E;™ss , from Wy and Wjet production (y-e misidentification)
* High energy muons from cosmic rays and beam-halo (controlled bckg)

= Signal: Snowmass Slope SP8 (GM1c) — used in Tevatron searches

= Compare closure test results for the yy sample w/ and w/o SUSY signal.

= Good agreement between data-driven estimates and the predicted bckg.

Ly — vvyy and Wy — Luoyy

100 pb-!
@ 10TeV

Bckg closure test for Z—ee events

] i Comparison with Monte Carlo truth
used for QCD bckg estimation

0 T — no SUSY | with SUSY
S — NP [ 261+ 023 [ 2,61+ 0.23
- - - ey Background Estimate f}ﬂ’}( ’ e ’ ’
e Ty B 7ot Beckground Estmte NEWK 11017 +£0.04 | 0.17 £ 0.04
10: :l:*d:=,_= Normalization Uncert. N&K{l{" 14.8 j: 0.1
é = N,, |[ 278024 17.5 % 0.26] pon'
U3 e
; T NP | 234 +0.65 | 2.48 + 0.67
ia3 NEAE 111035 4 0.10 | 0.50 £ 0.10
I N N I P B B B PR PR I NBG 2.69 £+ 0.66 | 2.99 £+ 0.68| estimated
0 20 40 60 80 100 120 140 _1{60 130{ Gealoo

Missing ET
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-lepton an -lepton modaes

0-lepton mode: at least 4 jets, Etmiss 0-lepton mode: 2 jets, Etmiss
- LA L L O O B B by sErTrrrrritr[rrrr[rrrr[rrrr[rrrr [ rr1r 11T rTT
B810°E jets Olepton ~~ ATLAS E A 219°F Jjets Olepton ~ ATLAS
= N Preliminary © SM + SUSY SU45 L = Preliminary “ P SM + SUSY S04
gt 10 TeV — SMBG ~ A Nqp* 10 TeV % SMBG
o E . e top E @ * top
-— ~ — . — S ) —_— =
c - = single top . = m single top
240? Z AW E 210 s w
w E o vz E 200 pb'1 w . vz
102 =o- !, m QCD lightjets _| 102 m QCD light jets
e g o QCD bjets e @ 10TeV . QCD bjets
v 7 * D ] | s L * D
10:?:_":_| :. ::;F. ; DiBoson N m//’ DiBoson
90 Tl : . e
15 ' ﬁ = q 1¢ / T
E —izgz ? = Effective mass: : // %”% ;
,1_\ \l_iTTI I _Fé_l ] measure oftotal -1 A ﬁ }_’é %%lllllllllllllll
10'5""500 1000 1500 2000 2500 3000 3500 4000 asure 070" 500 1000 1500 2000 2500 3000 3500 4000
Effective Mass [GeV] activity in the event Effective Mass [GeV]
D
. td lep.i i - . i
1-lepton mode: 1 isolated M=) ry +Z pr +EFS 1-lepton mode: 1 isolated
. . ] . . -
lepton, at least 4 jets, Etmiss ! L lepton, 2 jets, Etmiss
1104?\|\||||||\||||||\|‘||||||‘|‘||‘|||‘|‘J_E Useful TQ E|\\||||\\|||||‘|||||\\|||\\|||||||||||\E
2 [ 4djet 1lepton ATLAS 3 - .- - o [ 2jets 1lepton ATLAS 3
3 - ] p Preliminary © SM + SUSY SU47 dlscr'm'natlng S g Preliminary  © SM + SUSY SU4+
S0tk 10Tev ~ = SMBG = variable. Also J10% 10Tev = SMBG
o E Op 3 dt tif £ F o s?r?gle top ]
c r = single top ] nti S r .
2 oL T AW l useg o qua y Cl"")102:— — AW =
W10°g vz SUSY mass scale WS E vz E
= N = QCD light jets A C —0— = QCD lightjets 7
E 7 . * DiBoson 3 E —¢— * DiBoson 3
e : . - 7 £ ]
N7 ; See more details in L Vi -
1§ A 7 3 . 1§ //%_(i)_ E
W77 ww . Tapas Sarangi’s talk - %% ]
+ | T b I~ / // // 7
10,1 | S | | i e § I il I L | 1 1 ‘ | T -] | | - | Ll 1 1 | N - 10_ Ll Mﬂ/ //J//] Ll | Ll | | N -
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Effective Mass [GeV] Effective Mass [GeV]
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Entries / 5 GeV/ 200 pb™

2-lepton, tau and b-jet modes

2-lepton mode: 2 opposite-sign leptons,

at least 4 jets, Etmiss

| SUSY LMD

40 :_ [ ] ft#jets

- - Z#jet
35:—{a] 200 pb-1 [ w*];;

- [ ] WWZZ Wy 2

- @10TeV acowy
30— . Pseudo data

- Background estimation
25
20 E_ CMS preliminary 10 '_I'e".l'
N3 CMS
10 E—

50 100 150 200 250

m, [GeV]

2-lepton mode: 2 same-sign leptons,
at least 4 jets, Etmiss

300

Tau mode: at least 1 tau, no isolated

_ leptons, at least 4 jets, Etmiss

e ATLAS Osus
3 1fb'@ S U3

10 SM BG
= —— AW
51 0* - —H— Y7
= =";\ : B QCD
g 10 & : * Diboson
o e

1 T
107

,.2III|IIII|IIIIIIIIII|IIIIIII|II
1079 500 1000 1500 2000 2500 3000 3500

4000

Effective Mass [GeV]

. 1fb'@
g1 —uze 14TeV
S10E v ATLAS e et 3
i} E — itHets E
g o = SUSY SUZ -
E B x I W SUsSY suz -
w 10 I T ¥ SUST S -
u E (] + dh SUSY St 3
E C f n & . ? . A susvsus 3
i ’y i
u [}
See more detailsin | 'E
Tapas Sarangi’s talk - .
— L 1 1 1 1 1 1L L 1 1L I 1L 1L 1L L I L L 1L 1 I 1 1L L L
10700 200 300 400 500 600 700
El™ [Gev]
b-jet mode: at least 2 b-jets, at least 4 jets, Etmiss
@ [ ATLAS preliminary CISM
— | . A 7
~ 10°g | M, = 1200 GeV v aco
% C : W-jets
O 102 ! o Z+jets
o E ' Whb
E - * Diboson
= 1wz [f +SUG
n =
E - 1fb'@
z 1§ 14TeV
10 ‘ Lﬁ
I I I TP P T T A A | A T el
10°0" """ 500 1000 1500 2000 2500 3000 3500 4000

MerlGeV]

Nurcan Ozturk Three-lepton mode has also been studied with 1 fb' @14 TeV. 15



all hadronic channel Gheorghe Lungu’s talk

= Search without a cut on E,™Miss | LSR . LsP CMS, /!
= Consider mSUGRA with R-parity conservation. - A

_]3 SIGNAL topolo H :
= Event topology: n (2...6) high P; jets + two neutralinos. . Jet :

jet 200 pb-1

= QCD multi-jet is dominant bckg where E;™'ss is introduced
@ 10TeV

through jet mismeasurements.

BEACKGROUND

= Use a kinematic variable to discriminate against QCD bckg: jet ™"
o jz noo. 5 noo. 2 noo. : - - : —
T ET /MT M= \ (,; E¥) B (;; P‘Q> ) (,; PJ;:) N H% N (H—rrmSS)z HT = Zf p}"lr' HFISS - = Ef FTTJTE*

= o provides signal over bckg ratios of 4 to 8 (for favorable SUSY models).

o, for di-jet events o, for 3,4,5,6 jets events Effective mass distribution

" 10° R T — o — LM0
= = LM1 . - S 0 LM1
2 165 " S 10° —-LM1 = F — M2
= _ - Tt - e - LM3
w10t - 2 10 —w S 11 - LM
Pt z = —-Z v 10¢ 1 “= LM5
—- q0? BfE @D MadGraph = 407 8 2CD MadGraph Q E - EEE all Bkgd.
£ - a;>055|8 ¢ v -
5 12 S 42 - i r ik CMS preliminary
. CMS preliminary . CMS preliminary > 2 4 i
= E
10 10 S
>
; s i
107 107 ! . 107 B[]
0 05 1 15 2 25 HJ 0 05 1 15 2 25 HJ 500 1000 1500 2000 2500 3000
T T

M. [GeVic]
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= Long-lived particle — they live long
enough to pass through detector or decay

in it.

= Predicted in many SUSY models

stau, slepton, chargino, gluino,
stop, neutralino

= Signatures:

slepton: ionization in detector, will
look like muons except for higher
energy deposition and longer time of
flight.

gluino/stop: meta-stable, forms a
bound state, called R-hadron:
appearance of high P tracks in muon
system with no matching track in inner-
detector, or electric charge flipping
between inner-detector and muon
system. Signature similar to slepton.

neutralino: non-pointing photons.
Decay vertex is somewhere in inner
tracker volume.

Some SUSY Models giving rise to
Stable Massive Particles (SMP)

—

SMP LSP Scenario Conditions
1 %1 MSSM ) mass (determined by mZ, .. p. tan 3, and A.) close to Y
mass. '
G GMSB  Large NV, small M and/or large tan 3.
gMSB No detailed phenomenology studies, see [23].
SUGRA  Supergravity with a gravitino LSP. see [24].
1 MSSM  Small ms & and/or large tan 7 and/or very large A
AMSE Small mg, large tan 4.
JMSB Genernic in minimal models.
fa G GMSE 71 NLSP (see above). £; and ji; co-NLSP and also SMP for
small tan 3 and p.
1 JMSB &, and fi; co-LSP and also SMP when stau nuxing small.
$1 K] MSSM g — g Smge. Very large My222 TeV > |u| (Hig-
gsino region) of non-umversal gaugino masses My = 4Ms,
with the latter condition relaxed to My = M, for Mo < |ul.
Natural i O-IT models, where simultaneously also the § can
be long-lived near g = —3.
AMSB M, = M, natural mg not too small. See MSSM above.
i % MSSM  Verylargem? > Ms e @
7 GMSB SUSY GUT extensions [25-27].
i MSSM Very small M3 < M) 2. O-Il models near dgs = —3.
GMSB SUSY GUT extensions [25-29].
f1 ¥y MSSM  Non-unwversal squark and gaugine masses. Small m? and
M3z, small tan 3, large A;.
B Small m% and Mg, large tan J and/or large 4, = A;.

Nurcan Ozturk
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= Split-SUSY: very large mass differences between new
scalars and new fermions:
= gluinos can only decay through a virtual squark (assume

R-parity conserved). Lifetime of gluino can be long.

= If long-lived gluinos produced they will hadronize into /  \CMSERELIMINARY
bound states, known as R-hadrons: | $8, $91, 494

32 2¢-1
= Charged R-hadrons loose energy via ionization and IS (@ 10.Tev’
30 days of running,

significant fraction of them be stopped in detector volume. Ty S

= Stopped R-hadrons will decay inside the detector neutralino mass=100GeV
seconds, days or weeks later, this may occur at times: gluino lifetimes: us - week

Q IIIIIIIIIIIIIIII=_IIIIIIIIIIIIIII'I§I=III‘I3IIIII_

= when no collisions (beam-gap) £ o \ | .S_Hﬁl'?urv‘imzsq_

. . . 'L} L H m__a].rs . ]

= when no beam (interfill period) | \ r e 1]

. . . S - d‘ii ﬂl:i:fellme -

= Unambigous discovery for new physics! o 9 ! — B

= bckg only from cosmic rays and instrumental: I \‘» i ]

= Use cosmic ray data from Fall-2008 to measure bckg. i \\s ]

N h 5o discovery

= syst uncert. is not from bckg estimation but from: i \ -

= NLO calculation of gluino-gluino production cross section. ar ]

= Simulated stopping effficiency (Geant4 employs ‘cloud model’) I \ 1

= Modelling exponential decay of instantenous luminosity 2r \\ ]

= Potential to make a 50 discovery in a matter of days! . CMS Preliminary \\%
cgs . 00 250 300 350 400 450 500 550 600 650 700

= Improved sensitivity over D@ results (arXiv: 0705.0306). m, (GeV)

Nurcan Ozturk 19



Search for GMSB

evin Harper’s ta

GMSB (Gauge Mediated SUSY

Breaking) Model:

= SUSY is broken by gauge interactions

through messenger gauge fields.

= Six model parameters

Long-lived slepton: |~ RN Ié
« couples weakly to gravitino
» detected as heavy, slow-moving muons

entriesldGe\/

600

300
400

II|IIIILI_I_l_IFIIIIlIIII|IIII TTfT

300
200

100 "t

40 60 80

| ] GMSBS signal
s muon bkg

—  sum

100 120 140 160 180 200

mass (GeV)

Nurcan Ozturk

N SUSY Breaking Scale
M Messenger Mass Scale
tanp Ratio of Higgs VEVs
N Number of Higgs mass parameter
sign(n) |Sign of Higgs mass parameter
Cgrav Scale factor of Gravitino coupling
Long-lived neutralino: 5('10 RN 7/6
* non-pointing photons
« extracting lifetime of neutralino
.-I"— 05 T T T I
10 = =
L= = ATLAS ~GMSB1 -
= C B ]
w 10 Z =
S
ATLAS > 0 .t-t .
% _—— " Jets 3
1fb'@ = 1 =
14TeV -E :
z " ——
0 1 2 3 e
Nv
20
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;;I.._\I.-- .I- T | T T T T I T T T T | T T T .I L T T T T T T T T _
i ATLAS — !ets 0 lepton N # %
. - sinnnn 4 jets 1 lepton L O
= " S5adiscovery mimi 4 jots 2 leptons 0S| A ~
B MSUGRAtanp=10 " — - " . Q
S mumn 1 jet 3 leptons- - S =
:\j“ T e . . | 2.5 Tev) i
600 N .
= 2oTe. :
ﬁk\ . q(15Tev N >
R T, ]
400} R e, S } = .
& N 1 200 pb
F s, - ) *, -
| = .f‘: _‘P!_ >, : (1:0 Tel) %, - @1 OTeV
200 | gids e ;‘,'-' .]* - f:-. T Y
o e L I
:\ cll (0.5 TeV) :hr;.l“‘-ﬁ.h-i'iqj *':'“III-’.--I’\\- llllll : -
) S Lo (S :
0 500 1000 1500 2000 2500 3000
m, [GeV]

- Squark and gluino
masses up to 1.5 TeV.

* Plot includes systematic
uncertainty on bckg
estimation:
+50% for QCD bckg
+20% for W, Z, top bckg

O-lepton is best channel,
1-lepton is robust against
QCD bckg.

[ T T | T ,_I__ T | T T T | T T T | T T T 4 T d .Ecjtﬂb'\;'[, T H
B & N jets 0JEp .
450 =ATLAS Preliminary . 4jets 1lepton
5 e o mmm 2 jets 2 leptons OS]
:1*0 TeV- Sodiscovery | pmum2jets 2 Iegjcons SS
400 __::'1 LsP MSUGRA tans - 10 -~ - 9(1.00TeV)]
350F . . . T
300 :_ * ;;;;"‘“:o; : . é[C.?E."'I'e";‘;_:
i o’ + >, + \ #=ho o
= -P: + .‘. l"_+':'| (1.0TeV) -
250 & . N "..‘ ' * -
C e !l_. + ‘\‘ * + -o:
200F 3l *, . A
C. s \ SR W _ gT0.50 Tevi]
S O A U E
TR N -
C O o ) ) _: . * SR
100— A N 9 05 TeVP p k‘;—_ N\ . No EWSH|
Cov vy g by b sy b ]

0 200 400 600 800 1000 1200 1400
m, (GeV)

- Squark and gluino
masses up to 750 GeV.

* Plot includes systematic
uncertainty on bckg
estimation:

+50% for overall backg

Nurcan Ozturk
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T]TIT'I‘rr‘II1T'l]'TT‘I IT'Ir
ATLAS Preliminary..

~QISCOVET:
- ""MSUGR}““T&H'[Z’r"“"l‘ﬂ‘,ﬁ&:ﬁ,“ﬂ““*'

—
o

ne»r-=>»

luminosity [fb™]

o — M=M= 400 GeVz:
I — mg=m.= 440 GeV__;
" — M=M= 480 GeV-

14 TeV —>10TeV (100 pb)

zilflié1l{.‘l1l2114 i E — 14 TeW 1D
LHC centre-of-mass energy [TeV] ime|— Optimized for low mass SUSY 1
f _ No systematics —
 Current Tevatron limits: ~400 GeV mo—~  CMS (ATLAS similar)
on squark and gluino masses (NSUGRA) L 20107/
« At LHC: 2 50pb @ 10 TeV will give el '
sensitivity to new regions, provided that E
data are sufficiently understood. il
Tevatr_o;If III | 2 32 2 21 3 2
today ™ 0 -
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MSUGRA versus NUHM

A

[p— 1 100 T | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT TTTT TTTT 1] T

= = ATLAS 4 jets 0 lepton MSUGRA 1 L

8 1000 T e 4 jets 1 lepton MSUGRA] A
= - 5o discovery 4iets 0 lepton NUHM

S ggob jets 0 lepton E S

— E mun 4 jet 1 lepton NUHM B 1 fb_1
800 — @
- ] 14TeV

700 E =
600 E
5005_ "::;-.'.‘;“.fu.‘-‘-..uu " ;ﬂlﬂlll‘lll!ﬁ‘- L v _E
400 e =
300( =
200( =
100:I 1 | 1111 | 1111 | 1111 | 1111 I 1111 | 1111 | 1111 | 1111 | 1 I:

100 200 300 400 500 600 700 800 900

m, [GeV]

* The non-universal-Higgs model (NUHM) is similar to
MSUGRA, but does not assume that the Higgs masses
unify with the squark and sleptons ones at GUT scale.

* NUHM parameters: m,, m,,,, A,, tan(p), sign(np), m,, |y

* Adjust values of m,,, |u| at weak scale to give
compatible WMAP constraints.

* Reach with 0- and 1-lepton is virtually identical to that
for mSUGRA.

tan B

tl | T e | ) J4TH W T i T T | L L | L L | LU | L L |—_l-
45 ATEAS @ e 4 jets 2 lepton (0S)
B idiscwery;. oy i i ]
40 emsn 1 " jet '3 lepton | E
3/ F oG i i =
S Al | | .
30F TAC}‘?‘I'ONQC, 'El ! ! —
. /A | B
250 1Y ¥ ! ! E
E g H | | .
20 | Kl | | .
= : g ]
151 | 'I'1 " T | a0 Tev) | -
102_ éulfiET ) q :'Ii‘f.._e ||_1i5Te'--|- q :4'.: Tev _f
5 i i i -
Ly bvv v bvvn Pvvv s bvv v Pvvn o Py g 1o
10 20 30 40 50 60 70 80
A [TeV]
+ GMSB grid:
-M_..=500TeV,N__. =5, Cgrav =1.

- NLSP is slepton, decays promptly
to leptons or tau’s.
- Vary A, vary tan(p).

* Reach for 3-leptons is better than for
2-leptons and extends well beyond 2
TeV for gluinos for large tan(f), and is
close to 2 TeV for all tan().
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= As soon as a SUSY discovery can be made by inclusive searches — make
measurements to confirm that it is SUSY and of which type:

= describe the model; open decay channels, masses, branching ratios
= obtain the underlying model parameters
= measure the spin of new particles (not in this talk)

= A complete coverage of all allowed SUSY models is impossible — limit the
study to mSUGRA models. Develop measurement techniques and fit methods.

= The mass measurement strategy is to exploit kinematics of long decay chains.
= The first decay chain likely to be reconstructed:

| Consider mass hierarchy:

~ S-S I TA
g>aq>yx,>1>x
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* LSP’s are undetected — Q ;

measure kinematic endpoints in
invariant mass of visible particles,
my, my,, M, etc. rather than mass
peaks.

» Kinematic endpoint formulae —
Allanach et al., JHEP 0009 (2000) 004,
Gjelsten et al., JHEP 0506 (2005) 015.

« If sufficiently long decay chains can
be isolated and enough endpoints are
measured — the masses of the
individual particles can be obtained.

« What can be done with < 1 fb™':
: th
Measurements: m, , m;, , m; s,
| high
mlq ow, mlq 9 ’ mTT’ mTZ(qR)’ mtb
Constrains (or determines) mass of:

—~
~0 ~ ~

X Yoo b al_’ qR’ ;1’ L

Advantage of this decay chain:

* large signal to background ratio.

 technique, known as flavor
subtraction, removes both SUSY
combinatorial and Standard Model
background.

Mass determination is model-
independent, but relies on
interpretation of the decay chain.
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« m,299¢ ; calculate M(I).

« Combine the jet with leptons: Not possible to identify the quark from the squark
decay — assume it generates one of the two highest p; jets in the event. Then:

. m"qe"Ige : calculate M(llq,), M(llg,), choose the smallest.
. m"qthres : calculate M(llq,), M(llq,), choose the largest.

* M,,'°" and m,,"'9" edges: not possible to distinguish the near lepton from the far
lepton — define masses which are observable (use the jet selected for m"qedge):

M(Iq)lOW = minM|+q1 qu) = minMInearq’ M|farq) and M(Iq)high = maXM|+Q’ qu) = maXMInearq’ learq)

* Total 5 constraints on 4 unknown SUSY masses — solvable.
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* Plot invariant mass of dileptons after flavor subtraction and efficiency correction

A
applied: L
M(e'e) . . beta=ratio of electron and muon s
M (u ) -M (e p) reconstruction efficiencies=0.86 14TeV
W [ SU3 point @ 1 fb! L BRI SU4 point @ 0.5 fb-1
: ' Edge: (99.7+1.4+0.3) GeV  Z1oo: . Edge: (52.7%£2.4+0.2) GeV
3 - Truth: 100.2 GeVT 3 80 \ | Truth: 53.6 GeV
= I 1 - ED;'_ ! B
F: auE systerror: 8 4“':_ ATLAS E
£ 20} lepton & F o .
= m'r:r ATAS energy m; E
H scale o : » i
f’E Tw§ uncertainty -EH'I:'— ? + solid: total background —
AoE _3| _‘m:L_ vertical line: truth value -
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
—0  Tiir ~overs m(ll) [GeV] ~0 fiE~0 mill) [GeV]
X, > 1717 = 11 ¥, = I"1" 7 3-body decay.
2 2 2 2
M ™ (M 70 M T )(MF -M 5510) Fit function: theoretical three-body
. |\/||~2 Edge can be measured decay shape with Gaussian smearing.

Fit function: triangular function
smeared with a Gaussian.

percent already.

with a precision of a few

Also CMS study @ 10 TeV
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Entries / 20 GeV / 1 fib”

E .. i . | Lo s A
0100 200 400 400 500 600 700 800

mlig) [GeV]
FEFTETET FETEEE Bl
2 70 m,_low
60 : Iq
> _F i
© 50
& 40t :
= E i ATLAS -
@ 30 H -
E T E :
& 20 $
10-’:— + =
oE4d fj_.—'-—l =k
ETH Y i .
-wf;—T E
0 100 200 300 400 500 600 700 800
milg) [GeV]

solid: total background
vertical line: truth value

Good consistency
with Truth values.

Entries / 20 GeV / 1 fib”
o
|

[3~]
L%
3 RS

[1M]
(=]
TTTTT

o
TTTTTT T

m thres S
liq 2 sof
o

ATLAS - & 4o

0 =

€ _F

€ 20

w !

-|FL||1 il

ATLAS

2 : F N =
-5 ' = E : .
0700 200 300 400 500 600 700 800 149700 200 500 400 500 600 700 800
millg) [GeV] milg) [GeV]
Plots: SU3 point@ 1 fb'  SU4 point @ 0.5 fb-1
Edge & SuU3 SuU3 SuU4 SuU4
Threshold | Truth | Measured Truth | Measured
m"qedge 501 5173010+ 13 | 340 343+12+3 %9
m"qthres 249 2656171527 168 161236204
m|q|°W 325 333+t6+x6%8 240 201 £9+3%5
mlqhigh 418 445+11 11211 | 340 320+t 8+3%8

Measured = fit * stat * (lepton energy scale uncertainty) * (jet energy scale uncertainty)
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Di-tau ~0 _ ~: 7 @ Right handed 5 _, 5o
: Ao 20T 20 9 Jr > 111
endpoint squark mass
2 apTTTTTTT AN AL g 4TI SU4 point
3 amas| - M(z777) =M (z777) | 2 40t T} 0.5 fb"' @
151 E > 350
2 SU3 point ] 3 L. * 14 TeV E
8 10 1fb' @14 TeV - 8 *SUtsBy
5 5:_ _: A %ﬂ 200 E2Bsu _E
C 1 T o E
C . L 15 —
n+++ +-+-_+_—+’_+_‘+‘+ A 10 + ATLAS
C ] 5 =
S0 (R PN BT PR DS BT P R P | F { + ; ; i | | E
e P P R T S o 56510
T I'T'I-r2 -]
Edge: (102 £ 17stat £ 5 5syst+ 7rol) GeV Edge: 421 £ 17(51;31;)39(5};5) GeV
Truth: 98.3 GeV Truth: 406 GeV ]
8 s ‘T" ™1 SU4 point
g 0.2 fb! -
% 20— * ATLAS ] @14 TeV ! nght Stop
§ 151_ b -0.002533 + 0002290 mass
2 I o SU4-Bg,, +Bg, ] ~ ~ ~
g 101 — fBjs = ->tt—>
a | =1 | 9 U= |
o 1 Edge: 298 + 6(stat) "} (sys) GeV
of 4 | Truth: 300 GeV
0100 200 300 400 500 600 700 800 900 1000
M(tb) [GeV]
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» Measured endpoints — extract involved SUSY particle masses.

- Use a numerical x2 minimization based on the MINUIT package:

Imeax Max

n (mi’r — 1
=2
=1

(m;f_? ) H?;Eg y g s Mgy ))2

SU3 point @ 1 fb™!

62
k
Measured Truth
* Use only the endpoints involving leptons
only the endp g9'ep Observable | SU3 mem, SU3 e
and jets — five measurements: (GeV] (GeV]
th | high
my , Mg, M, m©%, m e 0 88 £ 60=2 118
_ _ Mo 189 +60=F2 219
* For SU3, five endpoint measurements g 61491 =11 634
for four masses — solvable. m; 12246172 155
o Observable SU3 Am yeas SU3 Amyc
- Large statistical error at 1 fb-1. (GeV] (GeV]
- Mass of LSP is not well determined. mye —myo | 100.6£1.950.0 100.7
mg — Mo 526 =34+ 13 516.0
- Mass differences are better measured My — M0 342387 0.1 37.6
than absolute masses — endpoints first error is from MIGRAD, second error
most sensitive to mass differences. is from jet energy scale uncertainty.
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* Ultimate goal — determine SUSY model parameters from endpoint measurements. %%
L.
A
=

» Markov chain analysis — obtain a first glimpse of the possible parameter space. 14TeV

- Use all the endpoints measured : M, m;, m; s, m ‘o m, " me,(qg), m

* Preferred parameters are found around the
true parameter points. No further preferrred Fit results: SU3 point @ 1 fb"!
regions occur. Please see at backup slides. Truth Mean RMS

Parameter SU3 value fitted value  exp. unc.

» Fittino package — determine the mSUGRA
parameters. Parameter uncertainties and their

- . . sign(u ) = +1

correlations are obtained from 500 toy fits. " z = 1C

Fit results: M 100 GeV 098.5GeV  £9.3 GeV

* sign(p)=+1 is favored, but sign(u)=-1 is not M; 1 300 GeV  317.7 GeV  +6.9GeV
ruled out: x2=12.6 versus x2=15.4 with Ao —300GeV 445 GeV  +408 GeV
Ngoi=11. sign(u) = —1

* M, and M,,, are well constrained. tan 3 13.9 +2.8

* Determination of A, and tanf3 are more My 104 GeV =18 GeV
problematic as no information from M 12 309.6 GeV  +5.9 GeV
Higgs sector at low luminosity. Ay 489 GeV 189 GeV
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= |f SUSY exists in nature ATLAS and CMS should discover it (SUSY particles at
sub-TeV range).

= With ~50 pb' @ 10 TeV of data we should be able to go significantly beyond the
reach of Tevatron (provided that data sufficiently understood).

= What is expected with the first data:

= 2 pb' — reconstruction and object ID (E;™'ss, jets, leptons)
= 20 pb'— data-driven background understanding

= 200 pb-'— a real shot at new physics (first 200 days of operation)

= SUSY search strategies:

= by inclusive searches: establish SUSY discovery, deviation from SM in events like
jets + E;Miss (+leptons)

= by exclusive measurements: select specific SUSY decay chains to measure SUSY
masses and rough determination of model parameters

* by spin measurements: is it SUSY?
= How can we distinguish among various SUSY models:
= E,Mss spectrum — R-parity
= hard photons, NLSP’s, long-lived gluinos — GMSB, split-SUSY
= tau leptons — large tan(p)

= Lots of techniques have been developed to search for SUSY.
= An exciting time ahead of us with the upcoming LHC collisions in few months!
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mSUGRA Point m, (GeV) m,,, (GeV) A, (GeV) tan(p) sign(p) o (pb) (NLO)
Coannihilation - SU1 70 350 0 10 + 10.86
Focus Point - SU2 3550 300 0 10 + 7.18
Bulk - SU3 100 300 -300 6 + 27.68
Low Mass - SU4 200 160 -400 10 + 402.19
Funnel - SU6 320 375 0 50 + 6.07
Coannihilation - SU8.1 210 360 0 40 + 8.70
Bulk, with enhanced Higgs 300 425 20 20 + 3.28
prod — SU9
ATLAS CSC_BOOk (2008) Point | mg | myp | tang | sgn(p) | Ao
LM2 | 185 350 35 + 0
LM3 330 | 240 20 + 0
LM4 | 210 285 10 + 0
LM5 230 360 10 + 0
LM&é 85 400 10 + 0
LM7 | 3000 | 230 10 + 0
LMS 500 300 10 + -300
LM9 | 1450 | 175 50 + 0
LM10 | 3000 | 500 10 + 0
HM1 | 180 | 850 10 + 0
HM2 | 350 | 800 35 + 0
CMSTDRII [ HM3 | 700 | 800 | 10 + 0
J. Phys. G, 34 (2007) 995 [ HM4 | 1350 | 600 | 10 + 0
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