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SUSY at the TeV scale
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Stabilization of Higgs mass to radiative corrections.

Requires M, ..=1 TeV

SUSY
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Dynamical generation of EWK symmetry breaking 300
works when M ., = 0.1-1 TeV (and top is heavy) j> |
Dark matter density: M, = 100 GeV with weak m:
couplings (“WIMP miracle”) S
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SUSY as unifying principle

SUSY generally tames divergences - “would be a shame if Nature did not
take advantage of it”

Unified treatment of matter (fermions) with force carriers (bosons)
SUSY seems to be the only allowed way to connect spacetime symmetry with
internal (e.g. gauge) symmetries in a non-trivial way. Extension of space-time to

include additional degrees of freedom (“superspace”)

Making SUSY a local symmetry, one can obtain General Relativity (supergravity)

G. Redlinger BNL HEP Seminar 21 Apr 2011



SUSY as unifying principle

SUSY generally tames divergences - “would be a shame if Nature did not
take advantage of it”

Unified treatment of matter (fermions) with force carriers (bosons)
SUSY seems to be the only allowed way to connect spacetime symmetry with
internal (e.g. gauge) symmetries in a non-trivial way. Extension of space-time to

include additional degrees of freedom (“superspace”)

Making SUSY a local symmetry, one can obtain General Relativity (supergravity)

For these reasons, “true believers”

will probably never give up on
SUSY
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40th anniversary of the birth of SUSY

EXTENSION OF THE ALGEBRA OF POINCARE GROUP GENERATORS AND VIOLATION OF P IN-
VARTANCE

Yu.A. Gol'fand and E.P. Likhtman
Phyales Institute, USSR Academy of Sclences
submitted 10 March 1971

ZhETF Pis. Red. 13, No. 8, 452 - 455C(20 April 1971) .

One of the main requlrements imposed on guantum eld theory 1s invariance
of the theory to the Poincare group [1]. However, only a fraction of the Inter-
actlons satisfying this reguirement is realized in nature. It is possible that
these interactions, unlike others, have a higher degree of symmetry. It 1s
therefore of interest to study different algebras and groups, the invariance
with respect to which imposes limitations on the form of the elementary parti-
cle interaction. In the present paper we propoze, in constructing the Hamil-
tonian formulation of the guantum field theory, to_use as the basls a special
algebra , which 15 an extension of the algebra < of the Poincare group gen-
erators. The purpose of the paper 1s to find such a realization of the algebra
X, in which the Hamiltonian operator describes the intersction of gquantized
fields.

Golfand and Likhtman, JETP Lett 13 (1971) 323
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Tevatron squark/gluino limits
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Ehe New 1Jork Times

February 9, 2001
Tiniest of Particles Pokes Big Hole in Physics
Theory

By JAMES GLANZ

UPTON, N.Y., Feb. 8— New observations of subatomic particles donot appear to
fit intothe standard theories explaining the matter and forces that shape the
universe, scientists at Brookhaven National Laboratory reported today.

[

[

[
"The most natural meaning of this kind of indication," Dr. Marciano said, "would
be superyvmmetry." The observed change in the frequency, he said, "fits
supersymmetry like a glove.”

Dr. Frank Wilczek, a physics professor at the Massachusetts Institute of
Technology, said that the new result, though not statistically airtight, did mesh
with what he called other indirect suggestions that supersymmetry might be the
correct way toextend and shore up the Standard Model.

a (exp) = 116592089(63) x 10" (hep-ex/0401008)
a (SM) = 116591834(49) x 10" (arXiv:0908.4300) Aa = (255 +80)x 10
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arxXiv:1102.4693

2D 95% CL no LHC
1D 68% CL no LHC
95% CL exclusion 35pb™

v . mmmama 95% CL exclusion 1fb
~ e 95% CL exclusion 2fb™
200 :_ LI RE 95% CL exclusion 7fb"
- Fit to:
- 600 — @ rare K and B decays
S - ® muon g-2
o 00— @ EWK meas. from
= r SLC,LEP,Tevatron
400 — » |LEP Higgs mass
- limit
3001~ @ dark matter relic
- S~— density
200—
o v v v v by v v b v v b b b by

O

100 200 300 400 500 600 700 800
M, [GeV]

best fit: M, =757 GeV M, =329  GeV

corresponds to m(gl) ~ 780 GeV, m(sq)~700 GeV, m(y,’) ~ 130 GeV
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SUSY xsec: Tevatron vs LHC
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Low mass (~400 GeV) gluino production cross section:
@ 4x10°3 pb at the Tevatron
@ O(10 pb) atthe LHC (7 TeV)
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Inclusive searches: general considerations

Inclusive SUSY search strategy relies on fairly
generic features:

s SUSY production cross section can be
calculated in the MSSM (xsec depends
mainly on sparticle mass)

s gluinos/squarks are the heaviest sparticles

» gluino/squark decays give rise to (high pt) jets

» neutralinos/charginos often decay via emission
of leptons

s LSP is stable (R-parity conservation) and
neutral, escaping detector.

Generic signature is therefore:
s multiple jets, often energetic
s possibly some leptons (lower pt)
s missing Et (no mass peak!)

G. Redlinger BNL HEP Seminar 21 Apr 2011 11



Muon Detectors Electromagnetic Calorimeters

Solenoid

Barrel Toroi Inner Detector . .
ATEE ol Hadronic Calorimeters

ATLAS

Detector characteristics Barrel SCT
Width:  44m Forward SCT
Diameter: 22m R R
Weight: 7000t 11

Forward Calorimeters

ID: o/p; =5 x10* p(GeV) 00 0.013
o(d,) = 15 pm at 20GeV

ECAL: o/E = 10%/NE(GeV) O 0.7%

HCAL: o/E =50% / VE(GeV) O 3%

(Inl <3.2)
Muon: o/p;=10% at 1 TeV/c

G. Redlinger
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2010 LHC pp run
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ATLAS Online Luminosity Vs=7TeV
[ ] LHC Delivered All

[ ] LHC Delivered Stable

[ ] ATLAS Ready Recorded
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G. Redlinger

Day in 2010
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Day in 2010

Peak stable luminosity = 2 x 10% cm= sec™

Stable beams: 48.9 pb-’

ATLAS stable: 46.7 pb' (95.6%)
ATLAS ready: 45.0 pb' (92.1%)

BNL HEP Seminar 21 Apr 2011
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Jet cleaning
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Jet energy calibration

Monte Carlo based calibration

@ Correction factors as a function of pt and n of the jet. Restore (on average) the
kinematics of reconstructed jets to the MC truth kinematics.

@ Systematic uncertainty based on comparisons to MC with different detector
configurations, hadronic shower and physics models, and by comparing relative
response of jets across n between data and MC

Cross checked with single charged particle response.
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(Improved uncertainties now available, but not used

ATLAS-CONF-2010-056 for 2010 SUSY analyses.)
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Jet energy calibration (2)

Jet energy scale verified with in-situ techniques
@ Multijet pt balance
@ photon-jet pt balance
@ track pt vs calo pt
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Data/ MC

G. Redlinger
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b-tagging
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b-tagging (2)

Efficiency and mistag rate estimated from data

Efficiency measured in events witih muons, using pt(rel) to separate b from light flavors
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Main sources of uncertainty:
@ Modeling of b-hadron direction

@ Non-b templates
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Electrons and muons
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Selected ATLAS SUSY results from the 2010 run

more material can be found at
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

G. Redlinger BNL HEP Seminar 21 Apr 2011
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Inclusive search in lepton (e/p) + jets + MET
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Event selection

Trigger on single e or

arxXiv:1102.2357

Exactly one reconstructed e or u with pt > 20 GeV, |n| < 2.47 (e), 2.4 ()

Muon isolation: 2pt(trk) < 1.8 GeV in a cone of AR<0.2

= 3 jets, pt > (60,30,30) GeV

AQ (jet, MET) > 0.2

Transverse mass (e/u, MET) > 100 GeV

MET > 125 GeV
MET > 0.25 Meff
Meff > 500 GeV

met = Hr + EY miss

G. Redlinger

Hr = py+ 2o, Py

1000 e B
900F-
800
700F- iE =
600 =
500}, SR 3
100F E
so0f E

100E-" "6, v =

.

H; [GeV]

b 100" 200" 500 400 500 600 700 800
ET* [GeV]

3 1ET]

', where ;r..'r "are the 3 leading jets.
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Event selection (2)

after e/ W and Jet cuts
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* W+ jets

MSUGRA point for illustration
@ M, =360GeV,M, ,

— ~ 700 GeV gluinos/squarks
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QCD background (muon channel)

To 1llustrate the method: plots taken from the inclusive W cross section analysis
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Background fit

Maximum likelihood to event counts in the QCD, W, ttbar control regions

Liiilp.b.8) = Psg ®x Pwr x Ptr % Pgr X Csys.

\

Gaussian systeme]atic uncertainties
Poisson factor for each control region Cs g-?!‘:é[ ) = | | G{H?,Hj}
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Background fit

Electron channel Signal region Top region W remion QCD region
Ohbserved events 1 &0 202 1464 | €
Fitted top events 1.34 £ 0.52 (1.20) 65 £ 12 (63) 3216 (31) 40411
Fitted W /2 events 0.47 £ 0.40 (0.46) 11.2 £ 4.6 (10.2) 161 £ 27 (146) 170 £ 34
Fitted QCD events 0.0t5 0 37+ 7.6 0 & 20 1254 + 51
Fitted sum of background events 1.81 £ 0.75 S0+ 49 202+ 14 1464 + 35 | -o—
Muon channel Signal region Top region W region QCD region
Ohbserved events 1 a3 165 346
Fitted top events 1.76 £ 0.67 (1.30) 25+ 11 (67) 42 + 10 (33) G0 410
Fitted W /2 ovents 0.40 £ 0.36 (0.71) 7.7+ 3.3(11.6) 120 £ 26 | 166) Tl 16
Fitted QO events [IIEIf':E' n3i+1.2 a+12 225 + 22
Fitted sum of background events 2054 0.094 03 4+ 10 165+ 13 346 £ 10

Main systematic uncertainties:
@ Limited statistics in W/top control regions
@ MC shape uncertainties

@ B-tagging efficiency

G. Redlinger

Pure MC estimate, absolutely normalized, in paren

BNL HEP Seminar 21 Apr 2011
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Final result: 1-lepton channel

One-sided 95% CL upper limit on the number of events from new physics:
@ Limits obtained using pseudo-experiments

@ 2.2 events (e), 2.5 events (M)

@ corresponding limits on o=A=e < 0.065 pb (e), 0.073 pb ()

(can be compared to any model if you know A; € is close to 1)

Results also interpreted in MSUGRA/CMSSM model for comparison to Tevatron

results
MSUGRA/CMSSM: tanp = 3, A0= 0, u=0
;‘ 400 L) I LI | | L I | L L I | L I | L | L I | L I | L L
8 - ATLAS L™ = 35 pb™, \'s=7 TeV ——— Observed limit 95% CL|
T C 1 lepton, >3 jets - = =- Median expected limit _]
g 30— L Expected limit +1c

300

250

150 S RN

N\
)\\'q (600 GeV

I I RN e 2 A VI (O I

N\
(400 GeV) \ § (5k0 G

R Lo

—— CMS jets (o), 35 pb”’
B P
[ LEP2%,

[ 1D0g,g,u<0,2.11" ]

N kS
)\ d@oocd) - —

'-'..
L1 11 ] PRI T IO B e

100 200 300 400 500
G. Redlinger

600 700 800 900
m, [GeV]

Electron and muon
channels combined

Along the m(sq)=m(gl)
line, masses below
700 GeV excluded

at 95% CL
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Inclusive search in jets + MET

G. Redlinger

2jets + MET
squark-gluino production
gives 3 jets + MET
4 jets + MET

BNL HEP Seminar 21 Apr 2011
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Event selection

Jet multiplcity cuts are inclusive

A B C D

£ Numberof required jets =2 =22 =3 =3
E Leading jet pr [GeV] = 120 = 120 = 120 = 120 <« Set by the trigger
{ Otherjet(s) pr[GeV]  >40 >40 >40 > 4{}/
o EPS [GeV] = 100 = 100 = 100 = 100
_E ﬂd‘l{jEL:ﬂ%ﬁﬂ]miu ~ 04 =04 =04 =04 Discard e_vents with = 1 isolated
% E5% /e 503 - 5025 >025 e or y (with pt > 10 GeV, |n| < ~2.4)
= m.q [GeV] =500 — =500 = 1000
2 mr2 [GeV] =300 - _

mra (Py s oy pr) = omin fmax (mr (pr dy'). mr (pr d”))|

(1, (2 pmiss
it Hit =E7

Region D
Squark/gluino

gluinos pairs

Region C

n
me = ) DY+ EF
i=1 Region B

Region A squark pairs

1000
Gluino mass

A
@
£
-~
5
o

(fig courtesy S.Caron)
G. Redlinger BNL HEP Seminar 21 Apr 2011 30



Event selection (2)

after pre-selection cuts

= BT T T Data 2010 s =7 Tev] ] = ETf T T T T T T e Data2010 Ns=7Tev] ]
D {6 D s 1

o 107 p — SM Total E ¢ 10°g |Ldt~35pb — SM Total E

o  .F L dt ~ 35 pb [JQCD multijet ] o E L5 iate 4 BT [JQCD multijet ]

0O 10° g B W+jets = Lo 10% j1ets + &, B W-+jets -

; R Bl Z+jets ] ; = Bl Z+jets =

QL 104 E [Jtt and single top E Q sl [t and single top 7

= - ++es SM + SUSY ref. point 7 = 100 <o SM + SUSY ref. point 3

W 10°¢ = LUl - ]

- . 10°E E

5 ATLAS S ATLAS 3

10°g E - ]

- . ] 10 . =

10k > 2 jets | E >3 jets 3

1= E ' E

101 L L 107 gred s L 3

] — 5 S — =R | S— + 3

|<_f. ------------------------------------- = |<_f. 1 Eommmmem SPRIL L e a a =

D . I _é D 0.5 ........................... I .............. o ‘ - I _é

800 1000 % 200 400 600 800 1000

EMs® [GeV] EMes [GeV]

MSUGRA point for illustration
@ M, =200GeV,M  =190GeV,A =0,tanf=3,u>0 — ~480 GeV gluinos/squarks

G. Redlinger BNL HEP Seminar 21 Apr 2011
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QCD background

Primarily from mis-measurement of jets

Estimated using several methods

@ |solate a control sample in the data by inverting the Ag(jet, MET) cut; extrapolate
to signal region using MC shape

@ Cross check with fully data-driven estimate by smearing well-measured multijets
with a jet response function obtained from the data

@ Cross check # 2: isolate a control sample in the data by inverting the MET/Meff
cut (but with the Ag(jet, MET) cut applied); extrapolate to signal region using
MC shape

Consistent estimates from all methods

At the end, QCD bkg is very small (by construction)

Signal region A Signal region B Signal region C Signal region D

QCD 7 u+] 0.6 *L[u+] 9+ u+j] 0.2 *3[u+j]

Total SM 118 + 25[u] *22[j] + 12[£] 10.0 £ 4.3[u] 701 1.0[£] 88 + I8[u] *2[j] £9[L] 2.5 £ L.O[u] *20[j] £ 0.2[L]

G. Redlinger BNL HEP Seminar 21 Apr 2011 32



QCD bkg: Ap(j,MET)

-c T T T I T T T T I T T T T T 1 T T T T TT T T T T T
© 5 i e Data 2010 Ns=7 Te\})
— 1 O 1
- % f'— dt ~ 35 pb — Total SM ;5
© i . i ] QCD multijet 7
= 4 miss
P 10 3 221ets+ET I W-ets 3
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10 =i, =
A r‘ ”: E
e
10"
1 0_2 EI 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 | =
§ 2.2 o V - B S & :
15E+ - S [ e :
E 19 . & NPT I SuT e S B i
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% 05 ] 15 > 2.5 3
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2jet channel after pre-selection
and MET, MET/Meff cuts

G. Redlinger

BNL HE
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QCD background: MET/Meff

m
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o
(3]

—h
QU

Entries / 0.05
2
IIIII'ITI] IIIIII'II] IIIIIITI] IIIIII'II] IIIIIIII| IIIIIIIII TTTIT

-k
o
w

—_
o

L dt ~ 35 pb’

>2 jets + ET*

Ao(jet, ET*%)

min

>0.4

e Data 2010 Ns=7TeV)
— SM Total
[ QCD multijet
[ W+jets
Bl Z-jets
[t and single top

=== SM + SUSY ref. point
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DATA/SM

G. Redlinger
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Jet smearing of data with data ...

" : : Y Xiv:0901.0512
Sensitive to both real and fake MET (if associated with jets). ?fl 51Y3_1 694

-,

Jet response function:
: fluctuating * :Colr?” fmm“\/"‘jet balaf"ce
« “Tail” from “Mercedes” type events
» Coreltail ratio from dijet balance
applied to “seed” events

.'(2 L B R B T 1 LI Y N B B N B L g 103 - e Data 2(')10 (\-.S=I7 TeVI) J. 1
= — — = E- == SM + SUSY reference point Ldt ~35pb
E 1°C ATLAS E 2 = S Tona P
g - m o - [ QCD multijet
e B Full smearing function 7] = 102 @ W+jets ATLAS
E - 7 LICJ = B Z+tjets .
10°E % Gaussian component E - O ttandsingle top pe
; E\\\\\& Non-gaussian component ; 10 :g
10? _ \ - 1 L
- : \\ a 1 0-1
10 \ =
E \ : E 1 0-2 | | A | R B
i ! ] 10’ 1
T\ | | |
0 0.2 0.4 06 0.8 1 1.2 |;|{.4‘|- ) .ﬁirl reco) - ﬁ"-jr| true) N ﬁ"% ] ”—}*% + E’{}n.‘:a}

|7 (true))? 7+ E'%ﬂssp

G. Redlinger BNL HEP Seminar 21 Apr 2011
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Jet smearing (2)

Seed events

| EtMiss / sqrt(EtSum) (nJets >= 4) |

400

200

Method:
arXiv:0901.0512 p.1513-1694

etMissFrac

Entries 148771

EiMias of sued avants
|’;=— | B |
m=;=
10;
 —

Mean 0.5247

15 20 25
Et¥iss (Ge'V)

11 1 |||I|||I|||I||
% 02 04 06 08

I|III|III L
1 12 14 16 18 2 22 24

EtMiss / sqrt(EtSum)

2 4 jets with pt > (100,50,50,50) GeV

G. Redlinger

RMS 0.3492
L

Closure test with Monte Carlo

10°

10*

ury
o
)

No. events / 50GeV / 23.8pb™
3 2,

1
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W/Z + jets bkg

Primary bkg mechanisms are:
e W(tv)+jets, W(lv)+jets with lepton missed

@ Z(vv)+jets

Background e stimate

Baseline Mathod

Control Method

Alternative Methods

control regions

L+ jets Alpgen Monte Carlo | £ — ppand £ — ee | £ + jets from W + jets quasi data driven
control regions £ scale factors
L4jets from gamma+jets
W+ jets Alpgen Monte Carlo | W — pvand W — ev W + jets quasi data driven

W scale factors

(W — rvand top via embedding)

G. Redlinger

uncertainties estimated from data/MC comparisons in control regions

BNL HEP Seminar 21 Apr 2011
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Z(ee+up) + jets control samples

after “neutrino-ification” of the leptons

> 2 T T I T T T I LI | T T 1T I T 1T 7T l UL | T 1T T I T T T I T T T l > T T I T T T l LI I T T T I T T T I T T 1T | T 1 T I LI | L I

Q@ 10 e Data 2010 \s = 7 TeV) = o 102 = e Data 2010 \s = 7 TeV) =
© = > 2jets JL dt~35pb’  —SMwa s © = > 3jets JL dt~35pb’  —SMa s
o — W Z+jets - o o W Z+jets n
: i I Wijets 7] : B [ Wiets 7]
o 10 = it E @ 10 = it E
= — DiBoson — = — DiBoson -
c B i c B i
L B ATLAS i L B ATLAS i
1 BT+ 3% >100GeV 3 1 BT+ 3% >100GeV 3
- 70 GeV <m, < 110 GeV 3 - 70 GeV <m, < 110 GeV 3
107 E 107 E
R S T T e HI

0 200 400 600 800 100012001400160018002000 0 200 400 600 800 100012001400160018002000
m., [GeV] m,, [GeV]

Statistical uncertainty on the data/MC comparison for Z(ee+up)+jets is
taken as the systematic uncertainty on the MC prediction for VB+jets bkg
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Crosscheck: W(Tv)+jets bkg

: : : > 10*g—r e
Isolate a sampl.(? enriched in W(uv)+jets 3 |~ Data 2010 (smeared-)
and j[t — bbrvjj . S8 10° J L dt ~ 35 pb —— Data 2010 (simulated 1)
@ isolated p with pt > 20 GeV . , L
s MET > 20 GeV 2 22 jets + ET Ew - w
'..E. 10 D tt — bb qg tv
Remove p and replace with either - 10
@ MC tau smeared with MC-based
. ATLAS
detector response functions ’
@ Embed a MC tau at the detector
hit level (from full simulation) into 10
the data
10_2 | I-tTI | | | | 1 1 I 1 1 | |
o fE T % S ' a3
N T i B
< Qj fffffffffff BRGS0 4 I S E
R i e S
8 % 500 1000 1500 2000 2500 3000

m_, [GeV]
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Entries / 100 GeV

Region D
Squark/gluino

Region C
gluinos pairs

Region B

a
©
=
x
g
(<]

Results of the jets+MET analysis

Region A squark pairs

1000
Gluino mass

105 [ T | 1T T 7T | T T T I T T T I 1T T T l T 1T T 7T |€ C T | 1T T 7T | T T T I T T T I 1T T T l T 1T T 7T | ] > 105 [ T T T | T T T | T T T I T T T | T T T |_=
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- . -1 — SM Total ] 3 . -1 — SM Total 5 C . -1 — SM Total ]
10t IL dt ~ 35 pb [JQCD multijet 4 F JL dt ~ 35 pb [JQCD multijet 1 Q 10°s f'— dt ~ 35 pb [JQCD multijet =
E . . I W+ijets 3 . . [ W+jets E . . [ W-ets 3
- Slgnal_reglon A B Z-jets 310° ?Slgnal regions c&D B Z-jets _§ ; of Signal region B B Z+jets ]
10° = (22 Jets) [+t and single top E C (23 Jets) [+t and single top ] q:) 107 [t and single top E!
c e 0w SM + SUSY reference point 3 102 .. 00 SM + SUSY reference point_ 'E‘ Eaed.., 0 e SM + SUSY reference point J
_ 1 el 3w 102
10°E ERS ] E
- ATLAS 3 1oL ATLAS - ATLAS 1
10 5 F - 10 3
- 1101 - 101L i
107 5 E i, WUTHR | R T 3 P
E vy | v L 13 C (1 . E L o E
| S ———. | s e s 2§ ¥
E 1-51 ....................... = 1-51 .......... -.-'.. ..... S B S E 1 51 . oo, *
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< o05E -.-.-.-H - ‘ . : 2 o5 I'"-o-"'-‘-_._l ‘ - - < 05E - -0-'3'-0—0- -] : ‘ . =
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m [GeV] m [GeV] my, [GeV]
Signal region A Signal region B Signal region C Signal region D
QCD 7 Zu+] 0.6 *-tu+] 9 *10u+j] 0.2 *3[u+j]

Wjets S0 L1[u] *1i1+ S[L] 44 +£32[u] A1+ 05[L] 35+ 9u] *1O[jl£4[L£] 1.1 £0.7[u] *3[j] £ 0.1[L]
Z+ijets 52+ 210u] 01+ 6[L] 4.1 £29[u] ST+ 05[L] 27 + 12[u] Y1 £3[L] 0.8 £0.7[u] *5li1 £ 0.1[L]
fandr 10+ O] * 31+ 1[L] 09 £0.0u] 241+ 0.1[L] 17+ Hu*§L1+2[L] 0.3 £0.1[u] *22[j] £ 0.0[L]
Total SM 118+ 25[u] *33[j]1 £ 12[£] 10.0 £4.3[u] *1olj1+ LO[L] 88 + 18[u] *{g[jl £9[L] 2.5 + 1.0[u] *;1[j] £ 0.2[L]
Data 87 1 66 2
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Results of the jets+MET analysis

—2000 T .

> III!| I?IIlIII!IIIIIIIIIIIlIIIIIIIII_

&S :ir E . ATLAS " _35pb'\s=7Tev ]

'_'1 750 il i : 0 lepton combined exclusion ] . . . e

2 He | = Observed 95% CLImit 7 Simplified MSSM model containing only

E : 1 : : ==== Median expected limit N : .

< 1500 il T et E gluino, squarks of the 1st and 2nd generation
g E | epeq . and massless y°

? 4250 ;’ [ FNAL MSUGRA/CMSSM, Run 1]

-

-
-

-

. [ ] poMsUGRA/CMSSM, Run 1l ]

All other SUSY particles assigned a mass

1000
,,,,,,,,,,,,,,,,,,,,,,, of 5 TeV
750 ) oS
T — ] For each model point, choose a priori
oSS . the signal region with the best expected
""""""""""""""""""""""""""""""" sensitivity

250

......................................

00 250 500 750 1000 1250 1500 1750 2000 M(gl) = 500 Gev eXCluded at 95% CL
|Squark—gluino—neutralino model (massless %:’)‘ gluino mass [GeV] M < 870 eXCluded for M(gl):M(Sq)

95% CL limits on 6-A-e from new physics:
1.3,0.35, 1.1, 0.11 pb (regions A,B,C,D)
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Results of the jets+MET analysis (2)

=" 0 lepton combined exclusion

300

250 |-
200

150

" ATLAS 1"-35pb"\s=7TeV == Observed 95% GL limit
==== Median expected limit

......... Expected limit 1o

—— CMS a, 35pb’”

B et

o
—_
[e+]
[=]
(=]
| =
I
1111

__§(600)

|

200 400

MSUGRA/CMSSM: tanf = 3, A0= 0, u>0.

G. Redlinger

600

800

MSUGRA/CMSSM model

For each model point, choose a priori
the signal region with the best expected
sensitivity

M <775 GeV excluded at 95% CL along
the M(gl)=M(sq) line

BNL HEP Seminar 21 Apr 2011

42



Combined limit from O- and 1-lepton channels

m,;, [GeV]

MSUGRA/CMSSM: tanp = 3, A = 0, p=0

|
400 =ATLAS preliminary

- O-lepton and "I'i[éplgn combined

350

300

| I _I;I I ILJ"I I I'I'||| ]
!
i

250 T @[EDDGE‘-I"I\ \

1

T 1
)

L™= 35 pb™!, \5=7 TeV

3 (B0D GeV)

T | T I I | T T
= Observed limit 95% CL
—— Median expected limit
--------- Expected limit £l
=== O-lepton observed
..... 1-lepton observed

B craT
[ LeP2;
[ 00 %,
[ 1D0§.q pu<0, 2.1 b

. [ CDF §,§ tan=5, 2 fb"

I.-"|IIII|IIII|IIII|JIII|III

M <815 GeV excluded at 95% CL along

the M(gl)=M(sq) line

Expected 95% CL upper limit: 745 GeV

G. Redlinger

MSUGRA/CMSSM model

For each model point in the 0-lepton
channel, choose a priori1 the signal
region with the best expected
sensitivity

Systematic uncertainties common to
0- and 1-lepton channels:

@ Jet energy scale

@ Signal xsec uncertainty

@ Luminosity uncertainty
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Long-lived massive s 1 sowo comon  pen nhi0611040

MSSM 71 mass (determined by m,%L &+ 14, tan /3, and A;) close to ){?

particle search |

G GMSEB Large N, small M, and/or large tan 3.

=

gMSB No detailed phenomenology studies, see [23].
SUGRA  Supergravity with a gravitino LSP, see [24].
LLP's are a generic feature of | MSSM  Small ms, ,, and/or large tan 3 and/or very large A-.
SUSY models AMSB  Small mo, large tan 3.
gMSB Generic in minimal models.

£ G GMSB 7y NLSP (see above). ¢, and ji; co-NLSP and also SMP for
small tan /3 and .

H

1 gMSB €1 and [y co-LSP and also SMP when stau mixing small.

o
4
)

-

MSSM Mt = Mg0 S Mt Very large M1222 TeV = |u| (Hig-
gsino region) or non-universal gaugino masses My 2 4Ms,

with the latter condition relaxed to My = My for My < |p.

arxXiv:1103.1697 (pMSSM scan) i:la:ura] ;n CL—II mt}ge]s, whe:;e simultaneously also the g can
» . TR e long-lived near dgg = —3.
SUSY WlthOut pI'CJ udlce AMSE My = Mo natural. g not too small. See MSSM above.
. . MSSM  Very large m?2 > Ma, e.g. split SUSY.
@ ATLAS jets+tMET analysis can & OMSE  SUSYGUT extens 25,211
. . . ensions [25-27].
fail to find high xsec pMSSM

Complements MET-based searches

[T
-~
=]

. ¢ h 1 1 d . i MSSM  Very small Mz <2 M 5, O-1I models near 6gs = —23.
p01n. S wihen fong-iived massive GMSB  SUSY GUT extensions [25-29].
particles are produced at the L, _ _ )
. t1 Xi MSSM  Non-universal squark and gaugino masses. Small m7 and
end of the decay chain M3, small tan /3, large A;.
@ LOW MET' 51 Small mg- and M3, large tan /3 and/or large Ay 3 Ay
Table 1

Brief overview of possible SUSY SMP states considered in the literature. Classified by

. SMP, LSP, scenario, and typical conditions for this case to materialise in the given scenario.
G. Redlmger BN See text for details.



Event selection

“Muon agnostic” search — do not rely on the muon system (analysis based
on muon system coming soon...)

Retain sensitivity to R-hadrons which can interact in the calorimeter
But difficult to trigger. Rely on ISR to trigger — “monojet” topology
MET trigger: > 40 GeV uncalibrated
= 1 charged track with pt > 50 GeV and AR > 0.5 to any jet with Et > 40 GeV
Reconstruct the particle velocity based on
@ dE/dx in pixel detector

@ TOF in hadron calorimeter

Combine with momentum measurement to get the particle mass
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Mass from dE/dx and TOF

my,. [GeV]

Number of candidates / 20 GeV
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Results from the long-lived particle search

— 10— o N
g = h ?; g | | |.
- - 7 7 R-hadron exclusion
S 10*E é g CLs 95% C.L. limit
: - 1 Nsertv [La-asp’ Results interpreted as limits on
S 1L 7 ,, .
3 107 g g == Prediction § (NLO) R-hadron masses:
- % v — R
NPT 7 o s » Stable sbottom
= " —=— Upper limit § o Stable stop
Ax. —— Upper limit ¢ :
g @ Stable gluino
E . ATLAS
1F ’é —
= 7 W
i él I | \

-1 Ll 1 Ll Ll Ll S, S - L1 1 | Ll 1 I Il
10 Zéégigg//QOo 300 400 500 600 700 800
Mass [GeV]

previous limits

95% CL upper limits:
M > ~300 GeV (sbottom,stop) and ~560 GeV (gluino)

(using most conservative hadronic interaction models)
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Other SUSY results

Opposite-sign and same-sign dileptons + MET: arXiv:1103.6214
Same-sign, same-flavor dileptons + MET: arXiv:1103.6208
et+u resonance (RPV sneutrino): arXiv:1103.5559
>3 leptons + jets + MET: ATLAS-CONF-2011-039
B-jets (+>1 lepton) + MET: arXiv:1103.4344
Other results 1n the pipeline:
» diphotons + MET
* long-lived massive particle search (muon spectrometer based)
* jets with displaced vertices

 stopped gluino
® monojet

G. Redlinger BNL HEP Seminar 21 Apr 2011
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Conclusion

Very successful 2010 run at the LHC: ~40 pb™' of data collected

ATLAS is performing very well
Remarkable agreement between data and Monte Carlo

ATLAS SUSY searches are just getting started.
No sign of new physics yet. It seems that SUSY was not “just around the corner”

- E IR R L L L L L L I L IR
2011 run has started 2 90 ATLAS Online Luminosity Vs =7 TeV =
> 80 - [_]LHC Delivered All E
1 3 =[] LHC Delivered Stable .
~ 60 pb collected so far E 705_ [ ATLAS Ready Recorded =
5 eoF
S ® 50
Rough projections: R
o —
° 1 fb! by summer g
* 3fb!' byend2011 3 LE | E
= C =
s 10 fb (?2) by end 2012 1oF E
b | \ | | .
081'03 09/03 16/03 23/03 30/03 06/04 13/04 20/04

Day in 2011
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Jet energy calibration (2)

Topology and flavor dependence. Impact is analysis dependent.

>
—_
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Bitag 41 8088 g0 5 v - =
v 1 ﬁ *{8::'9:“0—‘ ’-O-"_O-.-Q_.-g_: 1 -02: o g ]
. 1= — 4 -
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AR(jet, closest jet) T

Gluon jets: softer fragmentation
— |lower energy response
particles more likely to fail to reach
the calorimeter

G. Redlinger BNL HEP Seminar 21 Apr 2011

51



The exclusion goal (sofar

= Typical exclusion test
« Bkg-only estimate B +
uncertainty obtained from
control samples.

= Observed limit:

« Find S for which 5% of
S+B toy distribution is equal
or lower than observed
number of of events.

= Expected limit () +
uncertainty:

« Same idea: find 5 for which
5% of S+B toy distribution is
equal or lower than expected
bkg events, or events for
bkg 1o

Exclusion limit test
1T 11 | | LI I LI I | LI | | LI I rrrrrrrrrrorrrrriuriri 1
szl Expected number of 3
- events distribution 7
i for signal + 7
. S sockgound
C in data hypothesis (10) .
OB —
L N, for m
aod— 95% upper —
0.02— ~
‘:h: A A T B ' B Ll L1l -

2 4 & 8 W8 12 1 16 18, 20

Bkg-only distribution

0.2 =
o148 Expected number of =
018 ledia events distribution for E
014 axpectey background-only E
+1o i 3

atz Bkg +1 hypothesis (4) E
al —;
008 f | Madian E
008 expected =
ooas | Blkg E
0.02f 3
B T T e e "hh.;"'




QCD multijet background

QCD multijet bkg is small in all inclusive search channels (in Monte Carlo!).
Suppression due to:

s Etmiss cut
s |solated lepton requirement (not available in 0-lepton channel, obviously)
s A@ cut between jets and Etmiss vector

However.... Big uncertainties.

Sensitive to rare effects in large cross section process. Difficult to model in Monte Carlo.

Depends critically on detector performance and suppression of instrumental pathologies.

Must understand QCD multijet bkg to some level before data-driven studies of other
SUSY backgrounds can begin sensibly.

G. Redlinger BNL HEP Seminar 21 Apr 2011
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SUSY search in jets+MET (70 nb)

Soft cuts on jets and MET

Number of jets Monojets = 2 jets = 3 jets = 4 jets
Leading jet pr (GeV) = 70 = T() = 70 = 70
Subsequent jets pr (GeV) | veto if = 30 = 3() = 30 (Jets 2 and 3) =30 (Jets 210 4)
E-'r"i“" = 4 GeV = 40 GeV = 40 GeV = 40 GeV
Ad(jet;, ET"™) no cut [=02,=02] | [02,202,>02] | [>02,>0.2,>0.2,=0]
E-'r"i"" = % Mgy no cut =103 f=0.25 =02

Veto events with = 1 leptons with pt > 10 GeV

2 oL (T el Data2010 s =7 Tev) |
G 10 J-L dt ~70 nb" Monte Carlo
o C_JQCD
= 10°k B WHets
) R Z+jets
2 10 C
= N P SU4 (x10)
w10 Two Jet Channel

102 ATLAS Preliminary

10

] T R
10"
1026

e o
0 20 40 60 80 100 120 140 160 180 200
ET'® [GeV]

ATL-CONF-2010-065
G. Redlinger

Entries / 50 GeV

3 grrrrrrrrryrrrrrrrrrjrrrrrrr1r 1 1 1T T 17T
10°E J ! 1 "o " Data2010 Ns =7 TeV) |
- ~ Y Monte Carlo
Al Ldt~70nb — aop
10°E I W+jets
= B Z:jets
10 (— tt
------ SU4 (x10)

T IIIII|T| T IIIIIIII T IIIIIII|

500
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Two Jet Channel
ATLAS Preliminary

1 IIIIILIJ 1 IIIIIII| 1 IIIIIII| 1 IIIII|,|_| 1 IIIIII,IJ

_I_LLLLLI.I.|

1 500

2000
eff [GeV]

1000
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Entries / 10 GeV

SUSY search in jets+MET (70 nb)

10°

”'lI"II”|i1"l'”'Illolllf)a{téé((iglol(\'s:"%:l'é\'/) = 103'%"""""""""""."bé@ébid&é"ﬁév)|§
Ldt~70nb —/ ggfge arlo G C J]_ dt ~ 70 nb” Monte Carlo ]
= W-ets 5 10°F B Waiets E
[ ] tZi+Jets % g W Z-jets 3
...... SU4 (x10) _.E, 10 E_ rmnmen tStu4 (x10) _E
Three Jet Channel = = Three Jet Channel :
ATLAS Preliminary e ATLAS Preliminary E
107 E
102 E
P N NN IR R N R RN R I SE IIIII . = "TEEE :
20 40 60 80 100 120 140 160 180 200 10%; £00 1000 T 5090
ET"*® [GeV] M.« [GeV]
Monojet > 2 jets =3 jets > 4 jets
Data Monte Carlo Data Monte Carlo Data Monte Carlo | Data | Monte Carlo
After jetcuts | 21227 | 230007000 | 108239 | 108000'3:000 | 28697 | 31000 0" | 5329 | 5600" 3200
M EMSS e 73 46173 650 450" 150 325 230" 10 116 84130
MA@ and L 110 55 = +26
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M EF"™ / Meg,
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A¢ and E -'Jl"i“

Cuts
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New SUSY limits with 70 nb!

arXiv: 10080407
It’s On: Early Interpretations of ATLAS Results in Jets and Missing Energy Searches

Daniele S. M. Alves,!? Eder Izaguirre.,’? and Jay G. Wacker!

' Theory Group, SLAC National Accelerator Laboratory, Menlo Park, CA 94025
* Physics Department, Stanford University, Stenford, CA 94305

The first search for supersymmetry from ATLAS with 70 nb™ ! of integrated luminosity extends
the Tevatron' s reach for colored particles that decay into jets plus missing transverse energy. For
gluinos that decay directly or through a one step cascade into the LSP and two jets, the mass range
mry < 2056 GeV is disfavored by the ATLAS searches, regardless of the mass of the LSP. In some cases
the coverage extends up to m; = 295 GeV, already surpassing the Tevatron's reach for compressed

SUpersymn etry 8 LT A

-

(@)!
Qe
<

— J+J 5'(+
e W+

5'((") Y 5'((")

Soft MET cut gives access to compressed decay spectra.
Detailed study underway inside ATLAS.

G. Redlinger BNL HEP Seminar 21 Apr 2011
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Towards SUSY with 40 pb proton - aniprton cross sections

10 g ; IR
We are working our way down in cross 100 b . 1 10°
section ok S i
E Tevatron LHC E
10° F | 5

SUSY searches in 1- and 2-lepton channels ™ ¢
build on measurements of W/Z(+jets)and 10 f
top 10"

Many similarities in bkg estimation methods

for QCD and use of btag to separate W _ 0 7 T
from top g 10 E i
. . . ° 10 = 5 (E® > 100 GeV)
Validation of MC by comparison to SM 0
measurements . E
In O-lepton channel, W and top bkg are 0" F -
normalized using measurements in 10" roo (E;" > s/4)
leptonic channels. (QCD bkg requires 167 b Ogee(M,, = 150 GeV)
dedicated estimation methods.) e E
G\yq0:{M,, = 500 GeV)
107 bl

0.1

hep-ph/0611148
G. Redlinger BNL HEP

33 201
10 cm™ s

eventsfsec for L.



W cross section

Requirement Number of candidates
W —ev | W-—nuv
Trigger 6.5 100 | 5.1 10°
Lepton: e with E1 = 20 GeV or p with pr > 20 GeV 4003 7052
Muon isolation: E;?]T[] [pr < 0.2 - 292()
ET = 25 GeV 1116 1220
my = 40 GeV 1069 1181

arxXiv:1010.2130

G. Redlinger BNL HEP Seminar 21 Apr 2011



QCD bkg (electron channel)

%300 \”i‘w RN RN AN LN LN R

S | ATLAS Derive a MET template for QCD bkg
£ 250 I J'— dt =315 nb "’ using a sample obtained by reversing
ke | some of the electron selction cuts

E 200 n —4— Data 2010 (\s = 7 TeV)

I Woev+ Wy

QCD (data template)

Transverse mass cut is applied here

0 10 20 30 40 50 60 70 80 90 100
ET'® [GeV]

arXiv:1010.2130
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W (+jets)

W cross section

— -
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ttbar cross section

Lepton+jets selection
@ Lepton trigger, pt > 10 GeV
» Exactly one offline lepton, pt > 20 GeV, matching to trigger object
* MET > 20 GeV, MET+MT > 60 GeV
e =21 jet with pt>25 GeV and [n]| <2.5

Dilepton selection
@ Exactly two (OS) leptons (ee,ud,eu), each with pt > 20 GeV
e 22 jets with pt > 25 GeV and |n| < 2.5
e MET > 40 GeV (ee), 30 GeV (uM)
® Z mass veto for ee and pp
@ HT > 150 GeV (eu channel)
@ Cosmic ray veto

G. Redlinger BNL HEP Seminar 21 Apr 2011

61



| | |
ATLAS pretag |tjets

Preliminary ® data
J L=29pb’ et
[ single top

Z + jets E

W + jets :

l eco )
uncertainty -

Events

W +jets bkg (lepton+jets)

Estimated in the muon channel only because of
better control of QCD bkg. Assume W+jets bkg
is independent of y vs e 102

Exploit Berends scaling
in the 2jet:1jet ratio

§

§

Events / 5 GeV

Extrapolate to the = 4jet bin 1 2 3 >4

Number of jets
%}450?I T T ‘ T T | T 1T ‘ T TT | T T ‘ T T ‘ -\ T T | T \t %} 90}\ T T | T T ‘ T TT ‘ T T | T 1T ‘ T TT | .\ T T ‘ T I{
905\ I B O R R A ‘.| T \{ O E ATLAS pretag M+1Jet E O] r ATLAS pretag M+2]ets a
- ATLAS pretag e+2jets - 2400~  Preliminary ® data - 9 80" Preliminary ® data g
80~ Preliminary ® data 7 0 - J‘ p [t 1@ C J‘ p [t ]
§ - 1 1 S350 L=29pb - £ 70 L=29pb 3
701 J L=29pb" E Z,ng letop L‘I'>J’ . P [l single top L‘I'>J’ 70; P M single top -
60F Z +jets E 3001 Z + jets - 60 / Z + jets -
§ W + jets 5 - W + jets ] - y W + jets ]
S0F M aco . So- -~ acp ] 50;‘ o EQcD E
401 ~¢ [|uncertainty _ 200~ % ”uncertainty - 40— ;"'4 luncertainty
- ] F ] B e 2 1
C - = L ; / _
30F = - . - .
B ] 150 : = 30— / .
2ob ] 7 ] E / é o :
: * 100 20 g0s 1 i E
1o et |

C ] 10 A //i *

0 "~ = ] G . ) //$
140 0 ? oReEe™ 7 g® @ |
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W +jets background (2)

Must correct W=4¢! . for the fraction of events that are b-tagged

pre-ta

16-

o
TTT

=9 > ] R
3 ATLAS pretag p+2jets & 1°C  aTLas tagged |1 +2jets
© 80 Preliminary ® data 1 2 44/ Preliminary ® data
2o0f [L=2op Ot T8 L Lm0t U
S 70 =29p : 1 % 0 - ingle t ]
- : =S Misingletop | 3 12- I single top
Measure the fraction in G e : Zejots |
the 2-jet bin P B 7 W + jets . 10¢ W + jets .
50F 1o W aco E o maco -
40F ;ﬂ;g 7Juncertainty - r [/ uncertainty -
C 7 / ;‘ ] 6 ]
30" 7// ]
/4 /i . .
20 ,, é 3 )
10F 4 /é 2- 4 41115 d
o B . Py Py (=== e ) =
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
m.(W)[GeV] m(W)[GeV]

Correct the fraction for the difference in b-jet content as a function of jet multiplicity.

From ALPGEN: f°r, =2.8 £ 0.8 (sys)

Main uncertainty from relative rates (in 2 and 24 jet bins) for W+bb+jets, W+cc+jets and W+c+jets
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3-jet invariant mass
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Dilepton channel

| | |
ATLAS ee

Preliminary ® data
J L=20pp" Lt
[ single top
N Z +jets
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[l fake leptons
uncertainty

Events / 5 GeV

Events / 5 GeV
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100
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G. Redlinger

4l | | | _
0L atias Hu
31 Preliminary ® data -
10 JL=2.9 pb”’ L
i B single top
10 B Z + jets =
diboson -
10 Ml fake leptons
¢ uncertainty 7

10"

10
0 20 40 60 80 100
ETSS [G eV]

BNL HEP Seminar

21 Apr 2011

>10*

10°

Events /20 G

102

10

107

\ \ \ \
ATLAS en

Preliminary ® data

L=29pb" ] tt

B single top

P Z +jets
diboson

Il fake leptons

uncertainty

100 150 200 250 300 350 400 450
H; [GeV]

65



Jet multiplicity, dilepton channel

Events

G. Redlinger

| |
ATLAS

Preliminary

L=29pb’

| |
all channels—

® data
[ et
I single top
L Z +jets
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ttbar cross section

S B I I I | I I I | I I I | | I I I | I I I | | I I | I I I | | I I I |
O . ® ATLAS  ----- NLO QCD (pp) -
I_II--.. | Preliminary —— Approx. NNLO (pp) | \ . g
5 (29pbT) NLO QCD (pp) e

102 =YCMS - Approx. NNLO (pp) ...-.i25— —
E (31pb7) -
[ = CDF -
| 4 DO 300 |

- 250f :
10 =

1 1 1 1 I 1 1 | 1

1 2 3 4 5 7 8
\s[TeV

o(pp — ttbar X) = 145 + 31 (stat) **>__ (sys) pb

G. Redlinger
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Theoretical predictions
from HATHOR
(arXiv:1007.1327)
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Jets+MET: signal regions used for the limits

;‘2000 I_.I ICI | I[)l I | LI bl L | [ I[)I | LI | | A_ ;‘ 1 I | | | I | I | | I I | | I I I | | I ]
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